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RESULTS AND INFORMATION OBTAINED REGARDING AERODYNAMIC JET
INTERFERENCE ASSOCIATED WITH THE Do 31 V/STOL JET TRANSPORT
ATRCRAFT AND THEIR APPLICATION TO FUTURE V/STOL DEVELOPMENT

Dieter Welte,
Bonn Bundeswehramt

I. THE SIGNIFICANGE OF AERODYNAMIC JET INTERFERENCE TO V/STOL
ENGINEERING, BASED ON EXPERIENCE OBTAINED FROM Do 31
DEVELOPMENT AND FLIGHT TESTING

1. The Significance of Jet interference Associated with V/3STOL
Adreraft

In the deslgn, development and operation of vertical or
ultrashort takeoff aircraft, new types of problems, relative to
conventional takeoff aircraft, occur which are based on the
fype of propulsion system or on the generation of thrust through
the use of power plant Jets directed downward.

The flow fields generated by these downward-directed power
plant jets are the cause of effects assoclated with V/STOL air-
craft takeoffs and landings, known as

-~ recirculation
-- ground erosion
-— Jjet interference.

The influence which these effects have on the operation,
characteristics and performance of the aircraft is a function of

-- the configuration of the aircraft (aircraft geometry
and arrangement of power plants) and

-- the type of power plant jets (1ift generated by
rotor, propeller, 1lift fan, bypass or single-stage power
plants of various jet intensity).

Aerodynamic jet interference, or jet interference for short,
refers to the effect on external aircraft aerodynamics due to the
power plant Jets. The cause of this effect is the secondary flow
induced by a Jet and the ilnteraction of several power plant Jets
close to the ground.

¥ Numbers 1in the margin indicate pagination in the forelgn text.
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Jet interference produces different effects during various
VIOL phases of flight, i.e.

—— in hover in the immediate vicinity of the ground
(first phase of takeoff, last phase of landing)

—— in hover above the ground effect (vertical takeoff
and landing)

—— in transition flight (takeoff and landing transitions).

In hover close to the ground, the jet effect 1s due to the
three factors shown in the illustration below:

--~ sink effect

—- fountain develop-
ment

—- suction effect
(not visible here).

The sink effect 1s produced by turbulent Jet mixing with
the surrounding air and primarily generates an underpressure
region on the underside of the alrcraft. Between neighboring
power plants or groups of power plants, energetic exhaust gas
fountains from the ground flow agalnst the underside of the air-
eraft and produce an upward force. Power plant jets which flow /4
between the ground and the underside of the aircraft produce an
additional downward force due to the suction effect. The three
effects are superimposed on one another 1n quite different
manners in each individual case.

In hover beyond the ground effect, only the sink effect
oCCuUrs.

In transition flight, beyond the ground effect, jet inter-
ference can be broken down into a near field and a far field
effect. As outlined in the illustration,

-- blockage,
-- the wake, and

—-- the lowering effect



are operant in the near field and
—— downwash inductlion
is operant in the far field.

The blockage of
flow about the air-

T craft by the presence
‘\\\ of the jet produces
~ a relatively small
change in pressure
a ' distribution in the
// lahfeld e \\ near field. There is
,_zi\ an area of reduced

overall pressure in

\
] J’;ﬁ;’ \ the jet wake, which
] g L : — primarily has its
//’—,/,/9‘___/ | effect in a slight
~ “ _—J I . N
/

lnerease in aircraft
drag. If the controcl
surfaces are located

\ W ¥
Fernt 1d/ in the jet wake, flight.

The sink effect pro-

duces a downwash

in the near field.

A downwash field is
Key: a. Near fileld induced in the far

b. Far field field by Jjet mixing

and Jet deflection.

Overall, jet inter-
ference generally causes a downward force and a tail-heavy
torgue during transition flight. When 1ift fans are used, with
their relatively high air throughput, the interference effect of
the inlet flow must also be taken into consideration.

”///////////////%

All of the jet Interference effects described generally
reduce the power and the controllability of a V/STOL configura-
tion. During vertical takeoff, the balance of 1ift must be
positive after the subtractlon of all losses so that the alreraft
can leave the ground. A second condition for vertical takeoff is
provision for the fallure of the critical power plant. The
balanced residual 1ift must ensure a safe landlng. Disruptilve
torques caused by Jet interference are generally small at zero.
forward speed.

In transition flight, 1ift loss and disruptive torque nor-
mally increase linearly with aircraft speed at first, starting
from the value for the hover state; these then become flatter and
can decrease agaln toward the end of the transition phase. Since



aerodynamic 1ift and aerodynamic control torque increase as the
square of air speed, a certain critical speed exists at which
reslidual thrust and/or reslidual control torque reaches a
minimum.
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Since a resldual control torque and a residual 1i1ft neces-
sary for the execution of flight maneuvers are defined in the
aircraft approval regulations or recommendations (e.g. FAA,
AGARD), an exact knowledge of jet interference effects is impor-
tant. Alreraft configuratiocn, the posltion of power plants
relative to one another, power plant thrust ratic and jet direc-
tion are the significant parameters which determine the magnitude
of residual 1ift and resldual control torque and the critical
speed.

2. Jet Interference Assoclated with the Do 31

The aerodynamiec problems which cccurred in connection with
Jet interference during Do 31 development were solved primarily
by experimental means. The jet-induced forces and torques in
hover and transition flight, with and without ground effect, were
measured in the wind tunnel.
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Lift loss 1n hover outside of the ground effect is about
3.5% of gross thrust and increases to a maximum of 8% as the ground
is approached. An important point 1s the failure of a cruilsing '
power plant. Lift loss 1s reduced to about 2% outside of the
ground effect, since the crulsing power plant which has failed, /T
mounted under the inboard wing, induces greater losses than a -
1ift power plant, suspended at the wing tips. Loss increases
somewhat more steeply as the ground is approached, however. The
jet-induced torques are small in hover with and without the ground
effect as measured with the avallable control torgques.
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a. Lift loss

b. Ground distance

e. Vertical takeoff

d. Failure of c¢ruising power plant
S = Thrust

Key:

The measured 1ift losses are taken into consideration in
compiling the balance of lifts and/or in determining maximum
vertical takeoff weights. The cases indicated in the table below
are declsive 1n the limitation of maximum vertical takeoff
welght in the Do 31.

In the first case, 8% is used for 1ift loss due to jet
interference. In addition, a 1lift loss due to the increase 1n
inlet temperature caused by recirculation must be taken into
consideration. The critical case is the fallure of a crulsing
power plant during the takeoff process. Under the condition of
an oblique point takeoff, a rellable emergency landing is ensured
with a residual 1ift of 95% of aircraft weight. During an oblique
point takeoff, the aircraft climbs away from the takeoff point
along a path inclined at 25°. 1In this case, the values outsiade
the ground effected are used for loss figures.



Thrust Thrust loss |[Increase in [Max. verti-
Case requirement due to jet |inlet tem- cal takes
4 lnterfer- perature off weight,
ence H = 600 m,
ISA
1. VTO Frot ATopp = 15°C
max . y,09 4&F = gy 21,000 kg
A11 power Wt F
plants in- ATLPP = 5°(C
tact
2. VTO P
one cruising %is = 0.95 %E = 29 Zero 19,530 kg
power plant
ffails

In Do 31 transition flight, the change 1in normal force and
pitch torque due to jet interference 1initially varies as a linear
function of aircraft speed. The change in normal force becomes
flatter with increasing aircraft speed and reaches a value of
10 to 12% of total thrust at about the middle ¢f the transition.
The change in normal force during transition flight involves no
limitation on the maximum vertical takeoff wedght of the Do 31,
since the above-mentloned.condition for vertical takeoff and for
power plant failure is appreciably less favorable for oblique
point takeoff.
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Extreme control-surface positions are necessary to trim the
Jet-induced pitch torque during the transition. The figure below
shows the curve of elevator angle during the landing transition
by the Do 31 E3.

Elevator angle is
a 12 - coupled with fthe gate
3 - e i trol
B5henruder Do 3143 Plun|247 ggZEQE tai% gon= 03 50
Ausschlag | Landetransieign the tail control nozzle
8 o is wide open and

"o i“\\ delivers maximum control

n
" _ ' thrust. The elevator
{0] ) \\\\\ can be angled even
: : ° farther. Its effective-
_ ness drops off beyond
: about ny = 16°. We see
that up to half of the
availlable control
o 20 40 60 89 torque is required to
compensate for Jjet-
Induced pitch torque
S - during transiticn. This
i cxample shows that jet
: . interference is a
Ei;ﬁzgtigz’ landing factor which is not to
be underestimated in the
design of future V/STOL
aircraft.

o

bFluqqeschwindiqkeit v [m/s)

Key:
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The measurement of Jet-induced forces and torques in the
wind tunnel made the development of new test techniques neces-
sary. Model and measurement engineering are presented with
unconventional tasks. Two wind tunnel models were built and had
measurements performed on them during the course of Do 31 develop-

ment. One model was equipped with electrically driven model motors.

In the second model, compressed air was discharged to simulate
jets. The latter method proved to be the more effective. It is
also to be recommended for interference studies on future V/STOL
aircraft for the case of zero forward speed.

A series of takeoff and landing transitions with the Do 31 E3
test alreraft were analyzed with regard to forces and torques.
Algorithms programmed for the IBM 360 were developed which
calculate instantaneous thrusts, welght and aerodynamic guantities
from the measured data. The thrust and torque balance yields the
jet-induced forces and torques as residual terms. Since a
relatively small difference between several larger numbers is
involved, extremely high requirements are placed on the accuracy
of the data,  but are not always satisfied.
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Agreement between the results of wind-tunnel and flight tests
is not satisfactory for all flight states; it is justifiable to
conclude, however, that wind tunnel measurements can be reliably
applied to the large-scale design.

A prerequisite for applicability is that, in addition to
geometric similarity, the momentunm densities of thrust and on-
coming flow be preoportional in the model and in the full-scale
design.

3. Jet Interference Associated with Future V/STOL Alrcraft

Due to their importance in the designing of a V/STOL air-
craft, data on the effects of jet 1interference upon flight
performance and characteristics are necessary -whille stili'in the
early development stage.

A generally valid calculation of jet-induced forces and
torques is possible only for the case of hover outside the ground
effect. An empirically determined relation can be given between
1ift loss AF/F, the ratio of alrcraft equivalent diameter D to
nozzle diameter Dy, and the decrease 1n stagnation pressure along
the jet axis. The Mach number effect in free jet propagation 1s /11
taken into consideration with an additional term in the form of T
the ratio of overall Jet pressure P, to static ambient pressure
Pw. & value of about K = 0.0136 is obtained for the constant
from model measurements.

During vertical takeoff, vertical landing, or hovering close
to the ground, the fountain effect 1s superimposed on the 5lnk
effect, and its influence on the forces and torques can only be



given in terms of trends for a given V/STOL configuration. The
pattern of flow on the ground, including the positions of stagna-
tion points or stagnation lines, and the directions of ascent of
the fountains can be roughly determined from simple momentum con-
siderations, so an estimate of the order of magnitude of negative
or positive changes in 11ft and head- or tall-heavy torque 1is
also possible. The flow field close to the ground 1s relatively
easily influenced by small changes in the nozzle angles or 1n
airceraft inelination. Upwash and thus the balance of forces and

torgques can be effected with relatively small control surfaces on )

the fuselage. Thus we still have possible means of effecting
changes even in advanced stages of development without having to
basically alter configuration. In cilvilian applications, it 1s
possible to use gratings as takeoff surfaces. These serve pri-
marily to lead of the hot exhaust gases; in addition, however,
they also cause interference to be reduced to the case of hover
cutside the ground effect region.

The figure below shows the results of measurements performed
on models: change in 1ift due to jet interference on various
VTOL aircraft as a function of altitude.

We are so far still a long way from being able to give
the design engineer satisfactory data on Jet interference, with-
out prior wind tunnel measurements, for the case of transition
flight. Although there are a number of pétential-theory formula-
tions which include the blockage and sink effects of a Jet
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and yield the induced veleoecity field, the model representations
are still not quite true to reality, and the suction effect and
deformation of the jet must be known from measurements. This
theory breaks down for power plants arranged in groups on the
aircraft. Information is lacking with regard to the propagation
of groups of Jets with different impinging flow.

A summary of wind tunnel measurements performed on various
V/S8T0L configurations by the British Aircraft Corporation and by
Dornier is given in the figure below to provide an overview of
the order of magnitude of aerodynamie jet interference in
transition flight.
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The closer to the margln of the airframe the power plants are
located, the smaller jet interference is. The jet-induced torques
exhlbit similar trends. The power plant component makes up about
half of the overall change in torque 1in the Do 31.

Future V/STOL transport airecraft will,primarily employ dual-
stage power plants with high bypass ratics or 1ift fans for the
generation of 1ift. Due to the relatively high alr flow rate,
not only the thrust jet but alsc the inlet flow produces an
interference effect. In hover, with or without ground effect, the
influence of inlet flow upcn the balance of forces and torques is
8till small., Only in transition can changes in torgque about the
transverse axilis and, during side slip, also about the longitudinal
axis occur as the result of inlet flow. Interference tests in
transitlion should therefore include not only the simulation of
power plant jets but also that of inlet flow. On the basls of
the present state of the art, it is recommended that power plants
be gimulated by means of fans driven electrically via extension
shafts.
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II. MAJOR RESULTS ON AERODYNAMIC INTERFERENCE OBTAINED FROM Do 31 /15

DEVELOPMENT AND FLIGHT TESTING AND THEIR APPLICATICN TO
FUTURE V/STOL ATRCRAFT

1. Jet Interference Model Measurements Performed During Do 31

Overview of Contents

1.1. Introduction

1.2. Notation

1.3. Measurement with the 1:6 Model

1.4, Measurements with the 1:20 Model

1.5. References

Flpures

1.1. Do 31 1:6 jet interference model.

1.2. Do 31 1:6 Jet interference model in the FKFS wind tunnel.

1.3. Do 31 Jet interference in hover close to ground. Lift
loss, pltch torque, roll torgue. Configuration for
vertical takeoff.

1.4, ‘Do 31 jet interference in hover close to ground, with
power plant fallure. Starboard cruising power plant has
failed. ZResidual thrusts 1in torque equilibrium.

1.5. Do 31 jet interference model, 1:20, three views,

1.6. Test setup with the Do 31 jet interference model, 1:20,
in the Dornier wind tunnel, Immenstaad.

1.7. Do 31 jet interference in hover close to ground. Effect
of crulsing power plant nczzle angle on loss of '
thrust.

1.8. Do 31 Jjet interference in hover close to ground. Effect
of cruising power plant nozzle angle on change in torque.

1.9. Do 31 jet interference in transition. Lift, pitech torque.
A1l power plants on takeoff thrust. 4ngle of attach
a = 0°.

1.10. Do 31 jet-induced downwash at location of 1ift power plant

in transition. All power plants on takeoff thrust.
Cruising power plant nozzle angle typy = 90°. Angle of
attack o = 0°.
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Do 31 jet-induced neutral point shift, in transitiocon.
Conditions as in Fig. 1.10.

Do 31 jet interference during short takeoff. Lift,
drag, pitch torque. All power plants on takeoff thrust.

Ground - to - landing gear dlstance H/b = 0.025
Angle of pilteh , 6 = 0°
CPP nozzle angle MW = 10°
LPP nozzle angle THPWw = 75°
Landing flap angle ne = U5°
Angle of attack a = 0°



1.1. Introduction /18

Wind tunnel measurements are an indlspensible aid in the
development of an aireraft. This is particularly true for a
V/STOL project, since certain flow processes can practically be
determined here only by experimental means. In particular, the
problem involves the phenomena known as jet interference and
recirculation.

Jet interference measurements yield the changes in forces,
torques and points of force application in all phases of flight
and all attitudes; these changes are important for the mechanles
of flight. During the developmental phase of the Do 31, these
measurements were carried out in the Stuttgart wind tunnel with
a 1:6 model. A major portion of the measurements were devoted
to the vertical takeoff and vertical landing phases, particularly
important in flight testing, 1ncluding a simulated power plant
failure. The most important results are reported in Section 1.3.

In a second phase of jet interference measurements which
approximately coincided in time with the beginning of flight
testing, the entire range of transition flight of the Do 31 was
studied, particularly with regard to comparison with flight test
results. The measurements were carried out in the Dornier wind
tunnel with a 1:20 model. The most important results are reported
in Section 1.4.

1.2. Notation /18

A Aerodynamilc 1ift

b Wing span

Cas Cys Cm Aerodynamic coefficients of 1ift, drag and pitch
torque, respectively

F Reference area for wing

H Distance between landing gear and ground

lu Mean aerodynamic wing chord length

L Roll torque

M Pitch torque

So Gross thrust

Veo Adrcraft velocity

V3 Jet wvelocity

(VM/VJ- } e =
Effective velocity ratio

vi b

2
Y3 %3
o Angle of attack

14



¢ Angle of roll
o Angle of pitch
T Angle of power plant nozzle rotation (t = 0° for
jet exhausting rearward)
Ny Angle of spllt flaps
1.3. Measurements with the 1:6 Model /20

The 1:6 model of the Do 31 was designed for the large FKFS
(Research Institute for Motor Vehicles and Vehicle Motors) wind
tunnel, Stuttgart (4.8 x 7.2 m2) and had the following principal
dimensions:

Span (to center of 1lift power plant pod) b = 2.834 m
Wind area F = 1.581 m°
Mean aserodynamic chord Qu = 0,570 m

Fig. 1.1 shows two views of the model, and Fig. 1.2 shows a
photograph of the model installed in the wind tunnel, including a
wooden panel used for ground simulation.

The crulsing power plants were simulated with electrically
driven axial compressors with a rated power of 20 hp each at
20,000 rpm. The 1ift power plant pods were equipped with three
outlet nozzles, corresponding tc the earlier design. Thrust was
generated by one crossflow fan per 1ift pod, driven by a medium
frequency motor at a reduced speed of m = 8500 rpm. The tests
were conducted primarily with the followlng thrusts:

2 1ift power plant pods = 0,36 kp [[1 kp = 1 kg force]
2 cruising power plant pods = 14.20 kp.

The power plants were rigidly connected to the model. The
electrical lines were led out of the tall of the fuselage via
a system that followed the angle of attack.

The lower portion of Flg. 1.2 shows a photograph of the
power plants mounted on the calibrating frame. This made it
possible to determine power plant thrusts outside the airframe, /21
The jet-induced forces and torques were determined from the dif-
ference between model measurement and thrust measurement.

Figs. 1.3 and 1.4 show the most important results from the
measurements. Jet-induced 1ift loss, plteh torque and roll-torgue
are plotted against ground distance in Fig. 1.3. As long as the
landing gear is in contact with the ground, 1ift loss amounts to
8% of gross 1ift. After 1liftoff, 1ift loss decreases relatively
rapidly and remains constant at 3 to 3.5% at a dlstance of 1 wing
span or more from the ground.

15



Pitch torque 1s slightly nose-heavy in the immediate vicinity
of .the ground but has a stabillzing effect when changes in the
angle of pilteh occur. It drops off rapidly upon liftoff and
yields a constant, relatively low tail-heavy torque beyond b or
5 m. Maximum avallable Jet control torque 1is

M/(So°4,) = £0.125.

Roll torgue has an unstabilizing effect when an angle of
roll exists, but is relatively small compared to the maximum
avallable control torque of L/S, + b/2 = +0.17 and decreases with
altitude above ground. The zero point shift at ¢ = 0° is due to
the asymmetry of the flow field. Fig. 1.4, analogous to Fig. 1.3,
shows conditions accompanylng failure of the critical power plant,
i.e. the cruising power plant in the case of the Do 31. The
thrusts of the remaining power plants are sultably throttled or
increased to emergency thrust levels in order to maintain torque
equilibrium. Lift loss outside the ground effect has dropped to
about 2%. The reason for this 1s that the 1lift power plant Jets
produce less 1ift loss, in relative terms, than the cruising power
plant.

The measurement results have been incorporated intoc the /22
balances of 1lifts which were used to determlne maximum vertical
takeoff weights. Aside from a strength limlt, two requirements
had to be met here:

a) For vertical takeoff, excess thrust was to amount to
at least 3% of takeoff weight; among other things, the loss
for Jet interference was taken to be 8%.

b} Upon failure of a cruising power plant, a balanced
residual thrust of at least 95% of takeoff weight was to )
remain; among other things, the loss due to jet interference
was taken to be 2%, since this case was assumed to occur out
of < ground effect only.

The corresponding wind tunnel test reports are presented in
[1-4].

~
o

1.4, Measurements with the 1:20 Model

The 1:20 model of the Do 31 was built for the Dornier wind
tunnel (2.20 x 3.20 m?) and had the following principal
measurements:
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Span b= 1.2 m
Wing area F =10.22 m2
Mean aerodynamic chord 2y = 0.186 m.

Fig. 1.5 shows three views of the model. Compressed air
was blown out of nozzles to simulate the power plant jets. The
nozzles, with compressed air lines, were rigidly connected to a
system which followed the angle of attack and did not make con-
tact with the Do 31 model. Fig. 1.6 shows the test setup. A
base panel, 3 m in dlameter, adjustable in height and inclinatilon,
was used for ground simulation.

A detailed report on the measurements can be found in [5].

A summary of the most important results is given for hover
in Pigs. 1.7 and 1.8, for transition flight in Figs. 1.9 through
1.11, and for short takecff 1in Pig. 1.12.

Figs. 1.7 and 1.8 show the curves of 1ift and torque varia-
tion with ground distance for three angles of rotation tepp = 60°,
90° and 120° for the cruising power plants. The effect of
angles of pitch which occur in practice during the takeoff and

landing processes {-10% < @ < +10°) is indicated by hatched regions.

The effects of nozzle angle of rotation and the angle of pitch
are on the same order of magnitude. Overall, however, the dis-
turbances are no greater than those measured with the 1:6 model
and can be easily controlled.

Fig. 1.9 shows the curves of changes in 1ift and torque ver-
sus effective velocity ratio. The latter is a parameter commonly
used in jet interference studles and is the root of the ratioc of
momentum densilftles in the oncoming flow and power plant jets.

The angle of nozzle rotation on the cruising power plants appears
as an addltional parameter.

At (vw/vj)e = 0, the famlliar losses associated with hover
oceur.

The interference effects of power plant jets exhausting
normally from a wing can, in highly simplified terms, be broken
down into a near fleld and a far field. In the near field, the
stagnation of oncoming flow upstream from the nozzle jet, the
dead-water region in the lee of the jet, and the suction effect of
the jet lead primarily to a change in the pressure distribution on
"the wing and cause a change in 1ift and torque. In the far field,
which might be defined as the reglon where the jet is already
deflected into the oncoming flow to a large degree, the suctlon

effect of the jet induces a downwash field whiech contributes to the

change in torque primarlly at the elevator. The change in down-
wash angle at the location of the Do 31 1ift power plants was

17
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determined by the probe-surface method and is plotted agalnst
effective velocity ratic  in Fig. 1.10.

Fig. 1.11 shows the curves of neutral point shift versus
veleocity.

Finally, Fig. 1.12 shows the effect of the coefficlient of
thrust upon the aerodynamic coefflcients of longiltudinal motion
close to the ground, as required for short takeoff calculations.

An exact description of the tests 1s given in [5].

18



REFERENCES

Esch, P., "Do 31 2 Brwind tunnel tests, measurement perilod II: /2
measurements with and without thrust," Dornier VW 313-B2.

Esch, P., "Do 31 2 B wind tunnel tests, measurement period III:
measurements with thrust," Dornier VW 313-B3.

Esch, P., "Do 31 2 B wind tunnel tests, measurement period IV:
ground effect measurements," Dornier VW 352-B2.

Esch,P., "Do 31 2 B wind tunnel: tests, measurement period V:
ground effect measurements," Dornier VW 352-B6.

Esch, P. and Joos, R., "Do 31 2 B interference and ground

effect measurements in the DW wind tunnel," Dornier
VW 537-B1.

19



| a

— Aufhongegunit

o
J‘ : Gerugspurkt b

o

A R & ) — -
&
&8
H

b 2834

0

7978

Fig. 1.1. Do 31 1:6 jet interference model.

Key: a. Suspension point
b. Reference point

20

~
no
o

|



F.‘n 'I—é_' L \ 1"‘;“‘ :{ ™ W“ﬂi‘mﬁ\‘wm

S IV : T 3
A =
ST AT =

ke

3 : 4
g H
b
2 1
3 ‘-
‘l ~ 1
.'A .‘: B
i .- L 3

Fig. 1.2. Do 31 1:6 jet interference model in the
FKFS wind tunnel.

~~



22

a 10 )
HUBYERLUST Lingsneigung W = 0°
A3 1wl

~~
na
0

SN

)] 05 L 18 18 20
BSTAND RODEN- FAHRWER
A‘er‘ﬁ%{l%pﬁﬁﬂw nﬁju 'E'
d 13
HICKMOMENT
Mo
Sty H/b = 025~ 042
0
H/bx 002
J
=04
LANGSHEIGUHD & 1°)
e 0.025 S I
ROLLHOMENT Langsneigung vhs QY
f
3,872 H/b e 025 F"—“—‘—
1]
«0.025
-15 -10 =5 f 0 -1

HARGEWIKKEL p )

fig. 1.3. Do 31 jet interference in hover close to
ground. Lift loss, pitch torque, roll torque. Con=
figuration for vertical takeoff.

Key: a. Lift loss :

b. (Ground- to - landing gear distance}/(wing span)
¢c. Angle of pitch

d. Pitch torque

e. Roll torque

f. Angle.of roll

g

Unstable



a 10

HUSYERLUST {29
[ ]
LY bl |
N\
5 N
‘\\“E-q____
0 \
0 05 10 15 20 ‘
AESTAND BOOEN-FAHAWERK H/b
d : o1
MICKMOMENT
M
L7y
.25 £ H/b s 0425
D - - me
m\\
H/be
\.{
-0t
=10 -5 0 - ¢ 10 15
LANGSNEIGUNG & [*) |
e 0.025
Retllmomant
L :
"'"""s.-w; /
H/b 2025
0 o e—
/“" H/ba 0 c )
_ Léngsneigung & = 0°
- 0,025 |
=10 -5 0 s 10 = 15
HAHCEWINKEL p [ %) l
Fig. 1.4. Do 31 Jet interference in hover close fo ground,

with power plant failure.

has failed.

Key:

HO QOO oW

Starboard cruising power plant

Residual thrusts in torque equilibrium.

. LIt loss
{Ground - to - landing gear distance)
Angle of pitceh

Pitech torque
Roll torque
Angle of roll

23



te

Fig. 1.5. Do 31 Jet interference model, 1:20, three
views.

[Note: Commas in numerals are equlvalent to decimal points. ]




ge

Fig. 1.6. Testrsetup with the Do 31 jet Interference model,
1:20, in the Dornier wind tunnel, Immenstaad.

Key: a. Wind tunnel nozzle



> 0
a

Hubveriust

_as !
50
£%)

2

3

:

5

6

?

8

o e L
Abstond Boden-Fahrwerk H/b

on
- o""
b}.}p—q&*# ““”E" :‘

0.2 04 06 . 08 10 1.2 14 15 18 20

l'

Fig. 1.7. Do 31 Jjet interference 1in hover close toc ground.
Effect of cruising power plant nozzle angle. All power plants
on takeoff thrust. Angle of pitch: -10°.< 8 < +10°,

¥

Key: a. Lift lcss; b. Ground - to - landing gear distance;
¢. Cruising power plant nozzle angle



Lz

co3

a 002

Momenten.

. @nderung
AM

‘e 009
=001
-002
-003
-0.04

.
LWS]

Abstcnd Boden- Fahrwerk H/b

[¢]
Atle Triebwere auf Stortschub

Langsneigung: =10* £ O « +10°

Fig. 1.8. Do 31 jet interference in hover close to ground.
Effect of erulsing power plant nozzle angle.

Key: a. Change in torque
b, Ground - to - landing gear distance
¢, A1l power plants on takeoff thrust. Angle of
pitch: ...



28

of attack o

Key:

o ol

Oa‘

Lift loss
Change in pitch torque
Velececity ratio
Cruising power plant nozzle angle

/"'""""'\ d
4 010 /1/ _,n"""'-.\‘\ MTW-Disenwinkel Tpyw =
A ] a
Auftriebs- / e .':‘.“-— ST T ——- 120
Verlust Y. 60f
~AA \\‘ \,\ “,o"—
So \\ -
‘\‘ \hﬂ""
) N
\. N
N, N30
\.\ . -
005 I ™~
S
0.025
1]
0 Q.05 010 015 0.20 025 0390
b 0.10
Nick- | i| 1200
momenten. MTW =
dnderung /
AM /
SO' I-» I
— - J . b
— K
/ -’—" \
/ 'p"-‘ \ 90'
: L ~
0.05 / w4 et
-
- 30
o’ s
4-" "'--.....“_ — —__.'-o" Gl
v
0025
74
0
0 0405 010 01s 0.20 025 ki
| c Geschwindigkeitsverhiltnis {vg / vile
Fig. 1.9. Do 31 jet interference in transition. Lift,
piteh torque. All power plants on takeoff thrust. Angle

~



~
U

a 10

Abwingwinkel-
éinderung

deey, *

5 “\N---\‘__“‘-
- e

0 0y 0.2 03 |
Geschwindigkeitsverhaltnis {v“,/Vj Je

Fig. 1.10. Do 31.jet-induced downwash at location of 1lift
power plante in transition. All power plants on takeoff
thrust. Crulsing power plant nozzle angle Typy = 90°.
Angle of attack a = 0°.

Key: a. Change in downwash angle
b. Velocity ratio

2.1 |
UCH tvm,vj )g 00 —— it L
dCa b ‘

ohne HLW
0 |
ot a Q2
Geschwindigkeitsverhditnis (Vo 7Vl .
e
mit 4L
- 0.1 ‘—"__:h"wﬁ:.\
-0.2 (Vn[‘fj ). B Q) g
d
fezugspunkt in 22,5 % ™M
-0.3 I

Fig. 1.11. Do 31 jet-induced neutral point shift, in
transition. Conditions as in Fig. 1.10.

Key: a. Velocity ratio
b. Without 1ift power plants
¢. With 1lift power plants
d. Reference point at 22.5% %

29



7
o~ P
"~

AN
<

e 2 4 ] 8 g 10 12 14 16
. Schubbeiwert Cs = as-p—
L 1 1 ] 1 X 1 1 |
0.200 0140 o115 0390. 0089 aos1 0075 @n70

b Geschwindigkeitsverh_‘dltnis (v, 7 Vj ).
Fig. 1.12. Do 31 Jet interference during short

takeoff. Lift, drag, piteh torque. All power plants
on takeoff thrust. ‘

Ground - to - landing gear distance H/b = 0.025
Angle of pitch 6 = 0°
CPP nozzle angle T™MTW = 10°
LPP nozzle angle Ty = 15°
Landing flap angle e = 4go
Angle of attack a = 0°

Key: a. Coefficient of thrust
b. Velocity ratio

[~



2. Preparation of Measurement Data for the Balances of Forces
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2.1. Introduction

/39

The development of a new aircraft generally requires a large
number of model tests in both the initial and advanced stages,
and it provisionally terminates in the testing of a prototype.
One goal of this testing is also to check information obtained in
model tests with regard to its usability for the full-scale version.
This is particularly applicable if new engineering is employed.

During the course of Do 31 development, jet interference
proved to be an important factor influencing VITOL performance and
flight characteristics. An evaluation of the flight tests
initially encountered serious problems, however, which stemmed in
part from the measurement system and in part from the methods of

evaluagtion.

In the course of time, however, improvements were

achieved in both areas, so it was possible to undertake an evalua-
tlon with some promilise of success.

2.2. Notation

Cps Cys Cm

ddayn

5o

1:’-tcats ﬁtot
q

XS’ ZS

o
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Aerodynamic coefficients of 1ift, drag, and
torque, respectively

Inlet momentum

Reference area for wing

Instantaneous gross alreraft weight
Acceleration due to gravity

Moment of inertia

Mean aerodynamic wing chord
Jet-Induced pitch torque

Piteh torque due to power plant thrust
Piteh torque due to inlet momentum

Dy¥namic pressure in flight, from FPitot tube

Gross thrust from power plants
Normal accelerations
Angular acceleration

Distance between center of gravity and reference
point

Angle of attack



Subscripts:

L,7¥, 2 Coordinates fixed with respect to the aircraft
(positive downward and forward)

HTW Lift power plants

MTW Lift/thrust power plants (ecruising power plants)

2.3. Data Preparation /41

The evaluation of flight tests wilith regard to jet inter-
ference proved to be so difficult because the Jet-induced forces
and torgues were obtained as differences between several large
quantities [1]. In order to keep error in Jet interference
small, all measured gquantitles involved in the calculation had to
be known with the highest possible accuracy. In addltion, it is
possible to improve the results by sultable mathematical -and
statistical methods. This entire approach is of course also
applicable to wind tunnel tests and was likewise practiced in. the
initial period, but in the separation of model and power pltants
we find the much simpler possibility here of directly measuring
Jjet interference, at least in hover.

Reference has already been made to the lmportance of a high-
quality measurement system. Decisive improvements could then
also be made during the course of flight testing, not least of
all through our own developments. As an example of this,

Fig. 2-1 shows the Do 31 with attached Dornier Fluglog ["flight-
log"] for the combined measurement of angle of attack, angle of
sideslip, and ailrcraft speed.

Unfortunately, the Fluglog, in the form in which it was used
with the Do 31, is also an example of poor data acquisition. In
the acquisition of aircraft speed, excessive integration time and
imprecisely known access time result: in time Ilags
which are no longer tclerable for this evaluation. For the
evaluation of jet interference, we therefore relied on the deter-
mination of aircraft speed from dynamlc pressure measurements
which were also carried out, in conjunction with the measurement
of ambient pressure and amblient temperature.

Due to its exposed position well ahead of the nose of the
fuselage, angle measurements with the Log are inaccurate if the
alrcraft executes rotary movements about 1ts Ltransverse or
vertical axis. This inaccuracy is of course particularly serious
at low ailrcraft speeds and was therefore corrected during data
preparation. The effect of thils correction is clear in Fig., 2-4,
about which more will be said in another connection.

.
=
PO

The success of jet interference calculations depends upon the
accuracy of the method for calculating thrust. In the course of
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testing the Do 31, two methods were developed for each type of
power plant; although these do not agree completely, thelr accuracy
is such an improvement over earlier methods that an evaluation
appears reasonable. Fig. 2-2 shows a comparison of the various
methods. In the case of 1ift power plants, only the rpm method

can be considered for jet interference evaluation, since the thrust
of each power plant 1s required for the balance of torques, not
just overall pod thrust as provided by the fuel flow method. In
the case of cruising power plants, the rpm method yleld a scme-
what flatter thrust curve, so the rpm method was selected for
calculating thrust both for this reason and for the sake of
uniformity.

A second important factor in the calculation of jet inter-
ference is the determlnation of weight. Welight is determined from
known takeoff weight and fuel consumption. Unfortunately, a
shortcoming must be mentioned here, too, &s the measurement of
consumption by the right thrust power plant pod occasionally
involves error; a slight consumption level i1s indicated with the
power plants not running. Since the evaluation of jet inter-
ference is made for relatively short phases of flight, on the
order of 2 or 3 min, the errononeous consumption figures were
taken, and the initial weight for the corresponding phase of
flight, manually corrected by the difference in consumptions
between left and right 1ift pods, was Just inserted into the pre-
paratlon program,

In each set of measurements, the data exhibit a certain dis- /43
persion, and stray values are also possible. The principal goal
of data preparation is thus to ensure a certain degree of balance.
If only oeccaslonal stray values occur, an appreciable improvement
can be expected if an adapted smoothing method 1s used to eliminate
roughness in the data. The method used here (cf. [2]) uses a
cubic parabola for smoothing, the coefficilents for which are deter-
mined by the method o least sguares. The measured data
to the left and right of the positlon belng considered are made
use of here, with all values being assigned a weight corresponding
to the Gaussian error function. ¥For this purpose, in turn, the
number of points 1s preselected, and the interval thereby deter-
mined is assigned fo the so-called 30 limits. The welghts have
then thereby been determined. Test calculations with different
numbers of points naturally yielded a amoother curve as the num-
ber of points was increased. It must be noted, however, that
actual effects are then also obliterated; for example, rotation
of the cruising power plants begins with a discontinuity which is
no longer manifested after smoothing. The number of points was

taken at 31 for preparation; at a data frequency of 5 Hz -- most
of the recordings earmarked for evaluation are avallable in this
form -- this corresponds to a time interval of 3 sec before and

after the point in time which 1s under consideration. More 1is
probably no longer reasonable, since changes in the state of
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flight can be made during this time span by the pilot for which
the approximation with a cuble parabola 1s no longer adequate.

A continuous curve is obtained by smoothing the data. This,
in turn, eliminates the need:for ah evaluation at the frequency
with which the data are available. The ewaluations, to be dis-
cussed below, were made at a frequeney of 1 Hz, which has proven
to be a usable value. On the other hand, unnecessary computations
are avoided -- unnecessary because the state of flight has changed
too little; on the other hand "fast"changes in the state of flight /
are still covered with a sufficient number of points.

|\
=

Smoothing is done without regard to whether data which are
related to one another alsc match. For example, no attention was
pald to whether smoothed acceleration, once integrated, yields
the smoothed velocity. It is simply assumed: that the measured
data are dispersed about the correct value.

As an example of smoothing, Fig. 2-3 first shows measured
acceleration, with the aircraft as a fixed reference, in the
Z-direction as compared with the smoothed value. The evening
effect of smoothing is quite discernible, but so is the fact that
pronounced obliteration has not yet occurred. The same applies
to Fig. 2-4, in which smoothing of the angle of attack 1s shown.
The angle of attack correction described above 1s also shown.

A1l measured data which are regquired for calculating thrust
and weight were excluded from smoothing. In these cases, the
calculation was filrst made and then the results smoothed. 1In the
calceulation of weight, it makes no difference what approach we
use, slnce the consumption data are already relatively smooth.

In the calculation of thrust, a still more precise study would be
necessary, although here, too, the calculated values are already
rather smooth, ag Fig. 2-2 also shows. The reason for thils approach
lies in the assumed lower time consumption.

These extensive measures taken for data acquisition and the
abundance of data themselves can only be handled by a program for
an electronic computer, quite aside from the fact that the initial
values are stored on magnetic tape. One FORTRAN program each was /U5
therefore written for the described preparation procedure and T
for the evaluation which followed. These programs are supported
by three others which are not necessary for the actual calculations
but do offer certain opportunities for control and further
processing. The entire program [3] 1s designed for use on an
IBM/360 computer.

2.4, Calculation of Jet Interference

The equations of motion in six degrees of freedom form the
basis for calculating Jjet interference from the flight test data.
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Since 1ift loss and jet-induced torque, only, are of primary
interest for vertical takeoff and landing engineering, it 1s suf-
ficient to make the calculations in the vertical plane. It is
also sufficient to calculate the aerodynamic components in the
remaining three equations with simplified coefficients, since
velocity is low in the transition regilon, so the effect of com-
pressibiilty can be ignored., The nonsteady derivatlives are also
neglected, due to thelr normally small effect. Instantaneous
total gross thrust was chosen as the reference guantity for jet-
induced forces, so that interference parameters in a coordinate
system fixed relative to the alreraft can be calculated from the
following equations [1].
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The torgque reference point is the aerodynamic. reference point
corresponding to 22.5% %,,. These equations form the content of
a computer program which makes use of the measurement values
prepared as described in the preceding section and the data com-
piled in Tables 2.1, 2.2 and 2.3 for aircraft geometry, moments
of inertia and aercdynamic coefficients.

The results of these calculations are glven as computer
printouts in list form. In addition, a certain level of inter-
pretation of the results can immediately be made by the computer.
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For. this purpose, certain classes were introduced for the two most
important parameters of Jet interference in the case of the Do 31,
the angle T of nozzle rotation of the crulsing power plants and
the ratio Sypy/Sypy of 1lift power plant thrusts to crulsing power
plant thrusts, and dimensionless jet-induced 1ift or jet-induced
torque was expressed as a function of effective veloclty ratio
(Vo/Viderr in the form of a print plot.

Ten Do 31 E3 flights were available for evaluation, with a
total of three wvertical takeoffs, elght vertical landings and
nine simulated landing approaches and other flight maneuvers, on
whose results a report will be given in Section 3.

37



38

2.5. REFERENCES

"The calculation of Jjet interference for the Do 31 from flight
tests," EA-31/2429.

"Method for smoothing series of equidistant data," EA-31/2449.
"Program description for the program system LiDA31, DAUF31,

DALP31, SAF31, PLOS31 for calculating Jet interference for
the Do 31 from flight tests," EA/P-0182/71.



TABLE 2.1. Do 31 GEOMETRY AND MCMENTS OF INERTIA

Wing area

Span

Aspect ratio

Reference chord length

Distance of cruising power plant inlet
momentum from transverse plane

from horizontal plane

Distance of cruising power plant
gross thrust, cold, from transverse plane

from horizontal plane

Distance of cruising power plant
gross thrust, hot, from transverse plane

from horizontal plane

Distance of 1ift power plant inlet momentum
from transverse plane

Lift power plants 1 and 5
Lift power plants 2 and 6
Lift power plants 3 and 7
Lift power plants 4 and 8

from horizontal plane

Distance of 1lift power plant gross thrust

from transverse plane

Lift power plants 1 and 5
Lift power plants 2 and 6
Lift power plants 4 and 8
Lift power plants 4 and 8

from horizontal plane

Distance of tail control nozzle

from transverse plane

from horizontal plane

o > oo
i

57.0 m?
17.0 m
5.07 --
“3.435 m

"1.60 m
-0.39 m

0.30 m
0.267 m

= -0.267 m

n

0.55

= -1.07
-1.88
= 2,06

9 8 8 3 8

Xgpy,5 = 0.25

m
XHB2,6 = =0.56m
XHB3,7 = ~1,3T m
XHB4,8 = -2,18 m
= -0.78 m

= -12.569 m

= -1.6556 m

[Table 2.1 continued on following page.]
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TABLE 2.1. (CONTINUED)

|

Coordinates of Center of Gravity from the Following Equations:

Landing gear retracted:

\
17250 < G < 18450  x_ = 13 . 12°¢ . 6 - 06,157 n
z. =47 . 10°% . 5-0,73 n
18450 < G - 19670 x_ = 20 . 1078 . ¢ -0,286 1 ,
2, = 47 . 10076 . ¢ - 0,713 m
19670 < G < 24590 x_ = 11 . 10°% . g - 50,1085 m

z. =34 ,107% . 0 -0,457
Landing gear extended: allowances for all weight ranges

ax, = =3,4 .10°% G403 m

AZS = -4'0 - 10-6 . r; +* 0!17 P

Moments of inertia from the following equations:
2

2

Landing gear extended: :[y = 0,1125 ., G + 25 309 rkps

Landing gear retracted: IY = 0,0734 . G + 26 130 nkes
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TABLE 2.2. AERODYNAMIC COEFFICIENTS
(F% = FLAPS, Lg = LANDING GEAR)

ac dc
€ =(3&—& + A (&A]F»Q) . (u -a - Auo FL " Auo Lg)

CA .
Sy = (cwo * Aoy gy * oo t by ymw ) * i (Kl t Ky -G )

de de

- M M
L (cMo + Boyg pr* doyag )+l ¢ 8 (g )
‘ dc ‘1
e - - M x
x (o % T Aoy T A%, g )*'dq “H
where
o = -2.18° X, = =(0.290 + 0.881
n
AaOFR = _3.520 “—K.o . . | l
da = 0.34° :
ol Cyo = 0-058
4 = 5.127 | Ny
:“ _ Beyopy = 0413 oo
C
8( Ry = 0.368 rc
da FL Molg = -0.015
¢ = 0,042
we n dey = -0,505
boypg = 0.058 « K 3o
’ 45 dey
Ata-a—‘Lg = -0,125
ch ,
BC iy = 0.018 with 1ift pod flaps open \ o = Clea32

[Table 2.2, continued on following page]
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TABLE 2.2 (CONTINUED)

in the range of validity A53"
. . —
- 4° “ﬁb +10% <a< (13°4 3° K )
45 = - " 45°
and Ma < 0.3

The values listed above were otitalned from flight tests;
Cap and Cy are trimmed values. The elevator component is there+
fore also absent. The Cy values were subjected.to preparation
and represent CM values for ny = 0; thus the additlonal term for
elevator torqgue.

42



Ly

B e e i T T
S i e T

Fig. 2-1.
on ground.

De 31 E1/E3 test aircraft in

flight and

~

43



il

Lift power plant thrust

Cruising power plant Cruising power plant
cold thrust hot thrust {pod)
rpm method ® rpm method o rpm method
+ nozzle pressure X nozzle pressure X nozzle pressure method
method method ‘ ,
2000 2000 ~ 2009
’ .'....’ el UK
S txp) S fkpl e ';_ S tkp)
L A, 2,
"o:".-.":":‘-'.-'.-i. = .‘ o "i"“h | I‘. Trorﬂ’..%T
O“. Liia” L LN PUPYP . 7000 '-nA 2 x® "f
K L I "
Lt
L]
re
I. "
[ ]
6000 -
"y -
2000 — 2600 v
L] 4
L}
. 5000 -
* L]
L TR x
oS et ' o
4000 T
it -
o fucete )
1000 TR . 1000 . 1000 e URIEEPER
18M10’ 16.02"1 20 11 2t 28 1 W 20 22z I 26 1 18 20 23 24 26
t (sec) t {sac)

. t Cmec)
Comparison of gross thrusts for cruising power plants and

Fig. 2-2.
thrust power plants determined by varlous methods of ccmputation.
Do 31 E3 trial 243, takeoff phase.

S



af

12

-08 } a
« Melwerte b
w— mit 31 Punkten gegldttet

- a7
16418" 96.02"
: I

Fig. 2-3. Cocomparison of measured and smoothed acceleration in
z-direction (coordinates fixed relative to aircraft). Do 31 E3
trial 243, takeoff phase.

Key: a. Measured values
b. Smoothed with 31 points
Bzg = acceleration in z-directlon of coordinate system
Tixed relative to aircraft

.



L6

-10

-12

=14

~~

a
Do 31-E3 VERSUCH 243, STARTPHASE

b

« Mallwarte
== mit 3% Punikten gugl'&ttetc

wmeeme mit 31 Punktdh geglattet und G |
hinsichti. Drehgeachwindigheit
um dit y-Achse korrigiert

Fig.

2-4.

Comparison of measured, smocothed and cor-

rected angles of attack.

Key:

Q0 o

Trial 243, takeoff phase

Measured values

Smoothed with 31 points

Smoothed with 31 points and corrected with
respect to angular velocity about the
y-axis



3. Evaluation of Representative Do .31 Transitions with Respect /56
to Jet=Induced Forces and Torques, and Comparison with Model
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3.1. Introduction

2. Netation

.3. Evaluation of Do 31 Transitions

4, Comparison of Test Flight and Wind Tunnel Measurements

L Lo

Tables
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3.2. Jet-induced torque, Do 31 E3 trial 247.

3.3. Time curves of a number of data for a portion of the
landing phase, Do.31 E3 trial 247.
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Table =.1.

3.5. Jet-induced torque, Do 31 E3.
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3.9. Do 31 E3 trial 247: Jet-induced normal force coefficient
versus angle of attack.

3.10. Do 31: Jjet-induced normal forces during vertical
landing. Comparison between wind tunnel and flight test.
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3.11. Do 31: Jjet-induced pitch torgue during vertical landing.
Comparison bhetween wind tunnel and flight test.

3.12. Do 31: Jet-induced normal force due to ground effect /58
during four vertical landings.

3.13. Do 31: Jjet-induced pitch torque due to ground effect
during four vertical landings.
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3.1. Introduction

This i1s not the first time that VIOL flights by the Do 31
have been studied with regard to jet interference. Back toward
the end of Do 31 flight testing 1in 1968, an attempt was made to
determine the jet-induced forces and torques from measurement data
stored on magnetic tape. The data for interference evaluation
were at that time more or less byproducts of the actual test
assignments, for which reason the required accuracy of certain
measured quantitiles, particularly thrusts, was inadequate. The _
results of Jet interference evaluation were therefore likewlse
unsatisfactory. The dispersion of the results was sometimes 5o
great that no conclusions could be drawn.

A method for more accurately determining thrust was developed
by Dornier for the study of Do 31 VTOL landing techniques carried
out in the years 1969/70 under a NASA contract.

Reprocessing of the aerodynamic coefficients on the basis of
conventional flights by the Do 31 E3 was accomplished as part of
the Do 31 simulation program at NASA.

4 considerable improvement in starting conditions for a re-
newed jet interference evaluation was thereby obtained. Addi-
tional measures for improving accuracy and for smoothing the data
were carried out as part of these studies and are explalned in
Section 2.

3.2. Notation /60
B Wing span

Cy Coefficient of normal forces (positive: downward)
CM Coefficient of pitch torque (positive: tail-heavy)
F Wing area

H Distance between landing gear and ground

Qu Mean aerodynamlic chord length

M Pitch torque

Qg Flight dynamic pressure

SH Thrust of Do 31 1ift power plants

SM Thrust of Do 31 erulsing power plants

SO Gross thrust of power plants

- Aircraft speed

vJ Initlal veloeclty of nozzle Jet
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O -y Effective velocity ratio

v

eff Vj IJJ F

X Tangential force (coordinates fixed relative to

B aircraft) positive forward ‘

Z Normal force {(coordinates fixed relative to
aircraft) positive downward

o Angle of attack
Angle of cruising power plant nozzle rotation;
T = Q when jet 1s directed rearward

Ny Angle of special flaps

8 Alreraft angle of pitch

3.3. Evaluation of Do 31 Transitions

This evaluation is limited to so-~called NASA flights per-
formed in 1970, since usable magnetic tapes of measured data are
still available only for these flights and, moreover, the method
of thrust determination is usable only for these flights, as
already mentioned. The test program at that time was oriented
almost exclusively toward the study of landing methods for verti-
cal landings, so the parameters which are important for jet
interference processes cover only a relatively narrow range.
Table 3.1 shows a compilation of the evaluated Do 31 E3 flights,
including time intervals and flight maneuvers.

The measured data are treated by the method described in
Section 2. The results are available for each flight in the form
of a list which contains the most important flight data and the
jet-induced normal forces ZI = AZ/S,, tangential force
XI = AX/S, and pitch torque MI = AM/S5%,, referred to instantaneous
gross thrust S, and mean aerodynamic chord length &,;, at inter-
vals of 1 sec. In addition, AZ/S, and AM/S,‘%, are plotted over
effective veloclty ratio

-v. !
v £f = w? Qe ‘I
e ——rer i .

V. . .

J 32 - 9y

in a print pleot. The angle 1 of c¢ruising power plant neczzle
rotation and the ratio Sy/Sy of 1ift and cruilsing power plant
thrusts are divided intc different classes here. Altitudes of
"H/b < 0.8 are eliminated 1in the print plot, since the ground ef-
fect 18 treated separately.
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Table 3.2 shows the vertical takeoff and vertical landlng in
trial 247 as an example. Figs. 3.1 and 3.2 show jet- ~induced
normal force and pitch torque in a print plot. Fig. 3.3 shows the
time curves of the most Important parameters of the state of
flight during a portion of the landing phase to touchdown.

The takeoff phase to 1lift power plant shutdown lasts only | /
about 20 sec. After vertical liftoff, the flight path 1s rather
flat, so the aircraft 1s not entirely outside the ground effect
(H/b > 0.8) until 13 sec have elapsed. Thils 1s the reason for the
small number of measurement points for the takeoff phase 1n
Figs. 3.1 and 3.2. At H/b < 0.05, the aircraft is standing on the
ground. A conspicuous feature in the list is that a dynamic
pressure of about 4 kp/mg, corresponding to a Vegr = 0.03, 1s
indicated both prior to takeoff and after landing.

The average behavior of jet-induced normal force in Fig. 3.1
corresponds qualitatively to the wind tunnel results. The level
in flight measurements is higher, however. A conspicuous feature
is the constant behavior of torque in Fig. 3.2. Otherwise, the
dispersion in measured data is relatively small compared to
earlier evaluations. Individual stray values can be ascribed to
highly unsteady phases of flight (increase in thrust, rotation of
nozzles), as one can see from the list.

The print plots for all evaluated flights are collected in
Figs. 3.4 and 3.5. Unfortunately, the concentration of measurement
points about a mean value whilch was hoped for under equivalent
conditions did not occur; rather, the range of dispersion was
enlarged considerably. In order to obtain a qualitative impres-
sion of the effect of the principal parameters 1 and 3Sy/SMm, the
means are taken from Fig. 3.4 and plotted as curves in PFig. 3. 6.
Jet-induced normal force 1s always smaller for throttled
eruising power plants; this 1s reasonable, since the crulsing
power plant Jets exhausting under the inbeard wing cause con-
sliderably more interference than the 1ift power plants mounted on
the wing tips. The predominant effect of the cruising power
plants on AZ/S, can also be seen from the pronounced dependence
upon angle of rotation.

Analysis of the lists of VTOL landings for all evaluated
flights yields the followlng information:

a) After touchdown on the ground (H/B < 0.05), dynamic /6
pressure 1s still q, = 4 to 10 kp/m?, corresponding to a Vopp =
= 0.03 to 0.05; see table below.

Since no statements are made in the flight records con-

cerning wind velocities, it is assumed that a shift in the zero
point is involved and that the actual value is Vepp = O.
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b) At H/B = 0.8, V.pp 15 approximately the same as at
H/B = 0.05. The consideratlons discussed under item a) thus
apply. At the same time, Jet-induced normal force fluctuates
over 0.036 < AZ/Sy < 0.097 from one flight to another. Since

the value of AZ/S, would have to be the.same for all flights under

the given 1dentlcal boundary conditions, a. shift in zero points 1s
assumed to have occurred for one or more measured values. An
error on this order of magnitude i1s eliminated in the case of
weight determination. An error in normal acceleration is elimi=
nated for the reasons to be presented under item c¢). A shift in
the level of thrust is supported by the fact, presentedtin

Section 2, that appreciable differences in magnitude exist between

eruising power plant thrust as determined by the rpm method and

by the nozzle pressure method and/or between 1ift power plant thrust

as determined by the rpm method and by the fuel flow method.

0

VTOL ! landings

Trial H/B = 0.05 H/B = 0,8
No. Vess Vese 42/s,
231 0,047 0,033 0,035
240 0,031 0,027 0,036
243 0,050 0,054 0,097
247 . 0,042 0,037 0,072

It follows from the wind tunnel measurements that a thrust
loss of AZ/SO = 0.036 must be expected in hover outside the
ground effect.

c) For the state of flight at the beginning of the landing
phase, prior to starting the 1lift power plants, .t = 10°, ng = 45°,
landing gear extended, the aerodynamic coefficlents were deter-
mined from earlier Do 31 El1 flights under the assumptlion, as
mentioned earllier, that nc jet interference occurs. In the pre-
sent evaluation, five different flights yield a jet-induced
normal force of AZ, € 1200 to 1400 kp at q = 320 to 350 kp/m<
dynamic pressure for the specifiled phase of flight. Similar
coenclusions apply to jet-induced pitech torque. Since a deviation
which is approximately constant for several flights is involved,
a correction can be -used for the aercdynamic coefficients. Since
a dependence upon o cannot bé detected (to be sure, the range of
stagnation pressures and thus the range of o are very narrow),
a2 shift in the zero-point direction of 1lift and zero-point torque
1s suspected.
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In contrast to the Do 31 E3, the flaps of the 1ift power
plant pod and the deflection cascade on the 11ft power plant in-
let were not extendible in the El, so the aerodynamic coefficients
determined with the El1 do not include these effeets. In particu-
lar, a shift 1in cpyp is justified for thils reason.

d) Highly nonsteady phases of flight, produced during
changes #n thrust or during nozzle rotation, for example, produced
stray values in spite of smoothing of the data and should be
cmitted from evaluation.

Trial 247 was reanalyzed, taking items a) through d) into
consideration. In accordance with item ¢), residual force i1s
AZ = 1250 kp for g = 350 kp/mz. This corresponds to a normal force

coefficient of ACy = -0.0626 which is neutralized as a shift in
the zero-point 1ift direction by Aeg = -0.75°. Accordingly, a
shift by ACyMp = -0.067 is introduced. Thus the interference

computation for flight 247 yields freedom from interference on

the basis of the assumptions in the conventional landing state of
flight. Evaluation of the vertical landing with modified co-
efficients is shown in Fig. 3.7 and 3.8. As was to be expected,

the effects of the change were in the form of an increase in nor- /65
mal force and in torque with incereasing dynamle pressure.

On the basis of a dispersion in the AZ/S, values observed, in
particular, at higher values of Versr, 1t was suspected that jet
interference is a function of angle of atfack. For this reason,
the jet-induced normal force coefficient ACyz is plotted in
Fig. 3.9 against angle of attack for various phases of flight in
flight 247. The plot indicates a dependence upon a. A change in
the increase in 1ift has already been observed in wind tunnel
measurements, for which reason the wind tunnel results are given
for a = 0°. The measured data plotted in Fig. 3.9 are not sultable
for correcting the flight measurements to o = 0°, since dispersion
is too great and, moreover, a portion of the dependence upon o
may be credited to a correction in the conventional aerodynamic
coefficients.

Regarding the evaluaticn of jet interference 1n the flight
tests, it can be stated, in closing, that usable values for the
magnitude of Jjet-induced normal force and of pitch torque were
obtained both for the transition ocutslde the ground effect and
for vertical landings. The values associated with hover outside
the ground effect (H/B > 0.8) are the least rellable. There is
apparently an error in the method for determining thrust. At
the higher aireraft speeds, toward the end of the transition,
inaccuracies in the Iinterference-~free aercdynamic coefficients used
as input become highly noticeable. A more precise evaluatlion of
Jet interference for future flight tests is only possible if
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a) the determination of thrust is further improved,

b) the interference-free aerodynamic coefficients are
determined as precisely as possible from flights with the
test alrecraft,

¢) speelal flight maneuvers are flownifor jet inter-
ference studies,

d) wind velocity and directlon are determined precisely
during the takeoff and landing processes.

3.4. Comparison of Test Flight and Wind Tunnel Measurements

Due to the difference in magnitude of AZ/Sg in hover outside
the ground effect mentioned under item b) in Sectlon 3.3, this
flight state was selected as a reference point for comparisocon.

In Figs. 3.10 and 3.11, the normal force induced in transi-
tion and pltch forque are plotted over Verp. The uncorrected
values and those corrected:for a, and cy, are higher for the
flight test values than for the wind tunnel. The uncorrected
torque curve was not drawn in, since there is no dependence upon
Vore- The corrected torque curve, on the other hand, is not far
from the wind tunnel curve. From this example we see how marked-
ly a relatively small change in the aercdynamic ccefficients
affects the determination of jet interference, particularly at
high aircraft speeds.

For comparison, the maximum available control torque, con-—
gisting of jet control and aerodynamic elevator control, is
plotted in the lower portion of Fig. 3.11.

The effect of ground distance upon jet-induced normal force
and piltch torque is shown in Figs. 3.12 and 3.13. Results from
four vertical landings are plotted. The state associated with
hover outside the ground effect (H/B > 0.8) has been chosen as a
reference point.

The reason for the great band width of the plotted wind
tunnel measurements 1s that the angle of pitch was varied over
-10° < 6 < 10°, A finer breakdown of the 8 effect is not
profitable, since the unstable flow field c¢lose to the ground
reacts senslitively fo changes in €, and nonreproducible measure-
ment results exist in some cases.

The figures provide an dmpression of the disturbances in
normal force and in pitch torqgue occurring during vertilecal landings
and exhibit satisfactory agreement with the wind tunnel
measurements,
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TABLE 3.1. LISTING OF Do 31 E3 FLIGHTS EVALUATED WITH RESPECT
TO JET INTERFERENCE

Trial No.

Time interval Flight maneuver
) From _To
231 16" 2" s4.02° 16" 57 s57.02"
* * Vertical landing
h [ " h t n
[ ] L] 1 "
16" 30 51.02 167 22 10.02
1 n v L}
238 10 2" 213.02 10" 37 s4.02 Simulated landings
h 1 n h 1 [ ]
10 ¢' 38.02 107 7' s3.02
h 1 n h [ ] n
12" 12" 39.02" 12" 17" 0.02" .
h 1 1] h [ ﬁI
12 21 1.02 12" 237 37.02 Vertical landing
) h 1 " h 1 "
240 14" 49" 15.02 11" 52" 15.02 Vertical landing
h 1 L] h L ]
243 16" 18 13,02 167 19 2.02 Vertical takeoff
h ] " h [ ~
16" 27" 2.22" 16" 28" s7.22° pPover plants
h ] [ h [ ] ]
16" 36 45.02 16D 38 30.02 Vertical landing
h N n 1‘; 't "
H 1 ]
11! 25" 50.02 1t 27° s3.02 Vertical landing
246 B 10" 51’ 22.02" 10" 53° 10.02" Vertical landing with
forward speed
1 L] "
247 14" 18 s50.02 14" 19" 20.02 Vertical takeoff
14" 32" 2,02 1M 35" o0.02" Vertical landing
248 16" 4’ 15.02" 16" ¢’ 41.02" Vertical takeoff
h ] » h 1 L
16" 10 0.02 167 11 13.02 Simulated landing
" ] "
16" 16 0.02 16" 18’ 10.86 Vertical landing

Three vertical takeoffs
Eight vertical landings
Nine simulated landings
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& TABLE 3.2a.

il

Hr

Min
Sec

0. C2
£1.02
$2.02
3.02
£4.02
£35.02
26,07
17.02
fe.02
39,02
0. 02
1.02
2.02
3.2
4.02
5.02
4.02
T.02

P38

9. Q2
10.02
11.02
12.02
13.02
14.02
19.02
16.02
17.02
18,02
1%.02
20.02

JET INTERFERENCE EVALUATION, Do 31 E3, TRIAL 247, TAKEOFF

Weight

21024,
21017,
2101k
410C%5.
209938,
20992,
2058%,
20979,
20572,
FLEL TS
20959,
20953,
20947,
2LSLC,
20234,
20727,
209i1.
2091 4
2C5CT.
209004
20894,
20887,
20281

©20eTe.

20470,
2CBab,
082,
20440,
2CB58,
20856
20854,

Thrust

23489,
235 &4,
21344,

22%1C.

FFL31
22585,
2253Ce
22670,
22693,
22492
2id2 s,
2235,
22193,
21961,
2lent.
21317,
212&E,
21687,
22063,
22240,
2243Te
2747,
19799,
185%9,
17961,
156k,
§207¢,
11852,
11893,
11937,
11954,

-1
E&
[speh

3,404
3.9%
Tasl
1435
26231
LT Y]
A3.6T
55.98
b6, 26
T6.8)
MW.TT
1C5. 549
120.68
134,02
149.79
161,33
111,47
191 .90
216.35%
2aa.07
26T.29
25553
323,413
det. o2
34,92
301.43
168,53
415,13
433,85
447,20
452433

*KL1, KH3*
[
o
1) e
= e
= jani
Qs 0.9%
1.5 0.06
2.3 0.10
3.2 Q.15
3.9 .19
3.9 0.22
LTS} Q.22
e 0.22
5.1 0,2%
5.3 0: 29
5.6 0.4
5. 8 - L
| 3 Y
5.1 C.Ra
5.1 1.13
5.3 138
Yot 1423
Jeh 1.49
5.5 l.;s
5.2 Zelb
5.0 2.59
a9 2.95
4,0 3.33
5.0 3,09
5.3 4,02
3.4 b33
5.0 &.00
Sah T AB0
B, T “,%8
T & .20
Ta? L

Tau

Thal
T34
5%.1
3 LY
hita 2
35.0
14,9
35,8
33.0
3.0
28.4
2T.3
2544
217
i6.¢
14.9
11.9
11.0
1.1
1.1
1.9
10.%
11.0
19.9
10.9
10.9
10.9
10.9
10,2
10.8
10.8

SH/SM

1.48%
1-475
1.497
1.%21
1.%500
Loa12
Takd&?
Y.487
1460
L.%62
Tekbs
1.0062
LY 3
l.6sl
1.6L3
1ebbT
1.430
1.3%2
1319
1.313
I.721
1.225
le012%
0,506
Q. 850
0.5%3
0.15%
Q. 209
0.010
¢. 00}
0.0

Voff

0. 026
0.034
Q. 032
0.0%3
0.072
0. Q85
0.00%
0.10%
0.115
Dal2%
0.13%
Qu14%
Gal%h
d.187
0,174
0.18%
Q492
0.200
0.210
Q.221
0,212
0.267
C.2T
0,289
C. 302
9,333
0,318
0,397
0.40%
Gusll
9. 2N

—
N

Do 052}
Q.0887
0.04%7
0.0%7T
G451
0. G555
2,059%
0.04TD
0. 0564
D046
f, O&bs
0.0420
06,0393
D.N640
0.06439
e D884
0327
0.0118
0.a0049
0.0219
0. 01415
0.076%
8. 08164
0.0773
n.1273y
d.0270
0.026%
~0.07174
-0.09%3
~0.122%
=0. 0797

~
O™
<o

Feb. 4, 1972

=i
g

=0, 0440
~0.02%58
=0.064%

0. 0199
-0.0788
~0.0308
=0.1%30
-0.0170
-0, 0207
-0, 0424
-9, 0500
-0, 0%4%
~0.N5A%
-n.ng?y
~0.0T18
-0, 0Tex
~0.0010
-0.89%0
-5, 0719
-0, DH%6
-0.068%
=0.074t
-0, 0541
-0, 0797
~0.1604
-0.175%
oo.ll T
-0,092?
~0,1157
-0.1148

-
=

0. 0729
0. 0750
Q0273
0.0940
0.09%1
0. 0ASD
0. 0897
D.2560
0.0679
0.0869
0. 00646
0. 0837
027413
0, 0759
D.0554
0. 0352
0.0698
.N446
M. O8b)
D.D6d4
040453
0. 0568
Da0400
0, 0078
~0.05822
0. 0563
=-0.0n%2
0.30e3
0. 0251
0.0219
0. 0026

Landing
gear

_Extended

'

Retracted




miém

Hr

Min

Sec

Weight

191%7.
19153,
19124,
19133,
15132,
191%1.
19150.
19149,
19148,
15147
19146,
19145,
19144,
19443,
19an2.
19L41.
19.a0,.
19116.
19136,
15134,
19131.
19127,
15124,
19120.
1%lart,
t9liz.
19103,
19104,
19100,
15C8¢,
19092,
19008.
15084,
15080,
15078,
19513,
19069,
19064,
15041,
15C57.
12053,
L5085,
15045,
190+2.
15C18.
190¥a.
1503¢.
190Zs.
1%022.
aSCle.
19014,
19J4Ce
19007,
o002
aB55e,

F

Jel.d8
359.08
355439
355.50
153,80
|352.93
1350459
350,48
350481
350.16
1380, 44
348,56
(348015
3neL2?
JA), 3
342,29
345,25
1345, Te

AaT,4),

348,82
345,51
Yeb, 48
35C.h6
353.59
153.58
340,87
InTe T
348,61
150,33
349, 84
354,14
3564 05
332.17
34% .56
333,12
326,17
A2ho 58
313.890
Y09.98
312,10
207.3Q
298.29
262.4C
284,55
281.19
FRITE |
288,22
243, A6
257.54
255.14
25t.68
252442
247,87
FEL T
49,05

H

Alpha

[ T RV BTN O O WY RV Y Y
4 % g % 29 f a8 0 ¥ B ouo o A

VHRWALNWVWETOrRC O P m QA 3 0 AR

ol il oE S NN RN N AT SR
® % = % & & 9o 8

1

ol X%
v aw
N o D

=09

1
N
-
(=]

-z-ﬁ
—2.4
=2.1
~1.3
“1.3
-1.7T
-0.0

2.3

BT

e
0.4
=0.3
=10
=0, 9
Qe
0.9
Q.7
N3
~1.4
=3.9
=5 2

TABLE 3.2b.

*KL1,KH3*
&
o)
[4}] L
= ~
= o ol
2.5 25.98
2.1 6.9
2.3 26.9%
2+ T899
2.0 26,71
1.8 26,28
Leb 28222
1aT 28.b4
2s0 25.49
2.3 28.3%
2.4 ?8.20
2.4 Zo.08
Reh 25.9%
2.8 2%.75
3.1 25.54
.3 2% 3%
3.3 25.1a
3.3 2%.98
3.4 24.81
5 24.78
3.3 24.72
2.5 24,89
1.9 24.%5A
LT 26.4)
2.0 24,32
2.1 26, 2%
7.0  24.13
1.8 24,03
1.9 23,97
2.0 2190
1.9 2356
Lib 22,95
1.2 22,59
0.7 22,69
0.2  23.19
0.2 2383
-0.5  23.68
“0. 4 2.5
=0.7  TY.46
-0.9  23.%1
-D.h 73.39
1.6 23.34
1.6 2%29
-0.7T 23.17
-0.A  22.90
0,8 72,80
0.7 2247
-l.1 22,30
-1.1  22.07
“0ah  2a.eb
0.1 70.8%
0.6 20,79
-0 3 il.ls
“2.7 21,45
=5,1 21.3p

LANDING
-
45
8 =
E 951
10.5% 0.0
i0.b 0.9
10.¢ 0.0
10.% 0.0
10.8 0.0
10.8 Q.0
10.5 0.0
10.4 0.0
10.8 0.0
1G.0 0.0
l10.8 0.0
10.5 0.0
10.5% Ja 0
10.% .0
10.8 D.001
10.% 0.oor
10.4 0.007
10.% 0.101
10.% QL2481
10.6 Baead
10.% 0.825
10.6 lel3n
10.4 1.280
10.5 1.279
0.0 1.24%
10.4 1.29n
10.% 1.279
10.2 1.259
9,7 1.2a3
i%.T 1.293
27.9 1.312
39,2 1.%03
4T 9 t.218
58.68 1.224
St .0 I.M17
5722 1.314
6.9 1.317
4.2 1.8
-1 t.308
57,2 1.3%4
L3-7%-) 1.320
6.0 1.340
6l.9 1.%48
46,% 1.304
67 .2 1.298
&b, 8 1.298
8,7 $1.298
[1.79 .1 l.7%0
LL TS 1.28%
45 A 1.7%%
[.1.7% .] 1.281
&, 8 1.269
66a2 1.707
64,2 1-.538
73.% 1.824

Vers

0.34&4
0. 343
Q.63
PR L)
N,3%%
QY47
[+ P T 1
0,340
0. 381
0,341
0.340
e 240
0.339
o.N T
[ L
|- LI
0. 493
Q418
0. 457
0.430
0392
Qe 35l
0.35%
0. 15
Q.35
Q.19
0. 350
0.35%1
0152
0,347
0. 339
0.3
0.329
0.323
.37
0.314
0.313%
0.309
0. 305
0. 308
2.7
0.711)
0.30a
0.29%
0.292
0. 290
n.29t
0.2A5%
. 282
o.78%
0. 281
Ha2080
0,275
0. 261
D168

—
~

~0.1063
0. 1440
=0.1288
=0, 1804
~D. 2029
=0.202%
~0. 2137
~0a2162
=0.2024
-2.1981
=N.19&7T
«Cu 24400
~0,282%
-0.2033
0. 1794
=0.2440
~0,3129
-D.275%
-0 1560
-0.0917?
~0. 0557
-0.0123
0.0106
0. 0394
T,.0%7%
0.0597
0.745%8
0.0229
D, 0154
N A2
0.0024
0,00
J.0294
-0.0173
-N.0102
n.NAT
0.0A8T%
D.12584
Q. 095
0.0273
[ BAl)
C,ITYR
0.1030Q
0. 02390
N.OTP4&
0.040
Q.0421
D.OR12
0. 10649
0, 0088
0,000
0. 054
=0.001R8
=~0. 0229
0. 0240

Feb.

—
b

=).1508
~0,173%
“Qalen
=0, L7567
=N 1R&]
-0a1942
«0,1017
=0, 1887
E PR LY ]
-2 1919
-N,200)
-0, 1C8A
-D. 1918
~0. 1964
-0, 1939
~0.1290
~-0,199
=0.1044
~0.0T4Y
=0, D334
~D.0%84
=0.0681
~0.0733
~0, 08t
-0, 0797
-D.0000
=0.0%07
~0.0%33
=N, 0972
-0, 0708
- NGTA
-0, 0407
=0.u702
- G739
-0, 0794
=0.0T19
-0, 0654
-0,0711
-0, 0T
-0, 072K
-0_0?7?
-0, 1000
-0, 0351
-0, C&™A
-0, 0445
—0.0%&4
-Q. 0722
~Q.06A)
-0. 0767
=0 OTTH
-0.0773
=0.0711
«~0.N"94
~Q, O%1%
-0.05%%

4, 1972

]
=

-0.2171
0. 2254
=2. 2300
=0.2L6R
=0, 2067
=0.2082
~0.2097
0. 2097
~0.2072
-0, 19A7Y
=0.19%0
~0.14%01
~0.1970
~0.1978
=0, 1958
=0,1A02
-0, 3701
=0. 1494
~0,f600
=0.1297
=0.0774
=D. 0487
~0.C2403
~0. 0472
=C.CL08
=0.0124
=0.0279
=0, Q159
=0, 0403
= 0. 0311
=0.015%9
G, 01eR
0.0226
G, D424
0. 0459
0.0440
0, 0497
0. 0541
0.0%08
0. 9544
0.0289
=0, 0221
=0.50A%
Q. 0113
0.060%
0.05T0Q
€. 0342
0.04086
Q0871
", 0505
0.0524
0. 0403
4.07L%
Q. QRbp
0, 0A%4

Landing
gear

Extended

™~



bt
TN

Hr

Min
Sec

5T.02
£8. 02
3%.02
0. 02
1.02
2.02

.02

.02

$.02

.02

T.02

8.02

9.02
10.02
.02
12.02
13.02
14.02
15.02
léaC2
1T1.02
168,02
19.02
2C.02
2l.C2
22.02
23.02
24,02
25.02
28.C2
2v.02
28.02
29.02
19.02
3.02
32.02
33.02
34,02
35.02
3b.02
IT.02
38.02
I%.02
40.02
4i.C2
“2.02
%3.02
44,02
45.02
46,02
47.02
8,02
.02
50,02
s1.02

Weight

18992,
16987,
18981,
1837n.
1ESTC.
14954,
L6959,
16953,
1894%.
18442
18934,
18931,
1892t
18921,
18418,
18911,
I 8900,
189G2.
14597,
18552,
LBCRT,
18881,
19876,
18071,
AEELL,
13860,
18859,
10454,
18844,
168835,
14634,
18829,
18321,
10818,
18413,
tag00.
18801,
La7s8,
18793,
Levee.
10763,
11774,
18773,
18708,
18763,
1atsia.
rervs2,
18747
18742
14737,
18732,
1872n.
1872t
18716,
18711,

TABLE 3.2c.

Thrust

20398,
20998,
ZL08G,
2la3a,.
21007,
2067 4.
20897.
2QTCCe
20570,
203715,
19795,
19206,
128C1.
1840%.
18301,
18280.
1812¢%,
J905¢C.
1§-74.1. 9
18721,
13955,
19108a
19364,
19520,
155%1.
195068
19570.
154065,
19353,
15342,
19344,
19315,
I1925¢Ce
19262,
18982,
18483,
181 T4,
1004C,

18055.°

180T,
18085,
18059.
18112,
18500,
19343,
19500,
19248,
19342,
19165,
15148,
190884
lsaat,
185¢C.
18277,
18284,

-0

an,

T48.27
245,89
2359.08
229.52
218,17
206.78
198,43
152,86
187.29
181,87
118.29
171424
147,88
166.02
148,83
15%.1¢
1%3.0}
L5Ca 42
147.02
142,48
140.08
135.52
Lic. 87
125.7s
122,14
119,26
115.63
11l.68
106.8%
104, C4
10).08
10038
Sbab2
?1.12
B8,4%
&0 T3
90.084
$C.92
48,05
85,412
Bée8)d
85.27
ta, 24
66.28
87.53
A4. 43
B0.57
2l. 64
Ba.2n
84,02
az.82
8l.5)3
T5. 87
TTuk0
L Thetl

“0.3
=0, 3

=1.4
~1.5%
=0sb6

0.2
~0.2
~D.8
=-0.2

1.1

]
=1.2
=l.1

=1.3

=0}
-0.2

1.1

LANDING (CONTINUED)

=55

*KL1,KH3*
o
i
@O =
=) e
[ jan}
~8.3 2l.21
-Haty 21.07
=bak 20.50
=t 2 23.61
~t.2 20,31
6.8 W-02
=-Tad 19.78
=19 19.5"
-6.3 19.2%
=-7.9 18.58%
~T. 3 18,41
=Tuh  18.0%
=73 17.66
~Tade 1r22
=T.5 16.79
=Te b 148,36
=T+% 1591
-8.1 15.47
=Tat& 15,00
=T.0  Lk.s9®
Bl-T 14.01
=5.9  13.59
-5.31  13.2¢
~5.2 1.9
=55 12.77
-5 7 12.52
e TY-] 12.2%
~5.7 11,99
5.9 11.7%
e T3 11.50 .
~8.7 1ll.24
—hed 11.03
=-ba? 10.93
=%.9  14.813
7Y 10.42
~ba b 10.19
—bab 9,9%
l-T%-1 @, 71
=be b Q.44
b TR ] 9.21
-5 .93
“bal A.b2
-5. 48 0.31
=54 T.9%
- .9 708
4o B T.a7
=5.0 T.13
-5, b.92
=-5.9 & Tl
=%, 8 S.49
-5. 3 b, 24
~Jek .01
~5et .02
=5. 8 5.61%
5.36

Tau

90.0
102.9
10%.3
103.6
103.%
103.1
104.4
108.3
110.0
109.3
108.9
129.0
105.4
107,.2
ia7.8
ipa,9
las.%
108.8
LcA.@
136.8
108,7
108,R
108.8
109,7
102.7T
108.7
108.7
1048,7
108.7
108.7T
loc.?
103.7
109.7
las.T
128.7
1o8,7
1na,7
108.7
108.7
108.7
104.7
1068.7
103.7
108.7
108,7
108.7
108.86
108.4
lo0e.7
1083 .6
108.5
108, 4
112.2
11T.7
L11%.1

1-37h
1.271
1.362
1.357
1357
1.3%5
1.358
1.362
1.1
1.754
1.221
1.213
1.211

. 1a209%

1.2064
1.199
1.20%
1.2%0
14326
1.368
1.3%58
1.33
1.337
1.361
1.331
L.309
l.300
1.295
1.302

0.233%
0. 230
0.226
0.227
g.218
0201
0. 707
0.20%
0.202
G.200
a,200
0. 200
G.2N0
D200
0.198
0,08
0.193%
0.194
0.190
0.1Rs
0.ta2
0.173%
0.174
Q.17
0.168
O.186
0.163
Qe181
0.15%9
D.L%
0,155
G154
0.150
G144
0145
Dalh?
0.1%0
0.151
C.148
O.isT
Quler
f.1%46
0.145
C.loh
Gol4d
0. 140
C.1%7
N.13%
Qul 4
O.l4tl
0,150
Qa 139
0.139
Cal3p
N.13%

=
N

0,08a8%
0. 1157
0.1}
ve 1292
N, 17281
O.128%
0.7237
0.134A
0.1%0%9
LR LTY
Jel0508
velt25
D.16%8
0. 1554
N,1540
B.15717
0, 15y
0.16%0
0,17
0.1728
0.1Tve
L & 1)
0.1584
0.1549
01524
0.1%16
0.1529
N.1583
D.1450
0.16n%9
B.147)
€. 1520
0.18R%
D i8lA
0.1362
G110
0. 164t
0.'6T1
O L5BY
LPEL LY
P ELY
0.1%%0
n,135¢9
Qe lbSh
0.16%7
0.1441
G.123%
Galr ik
Il L]
0.18580D
O.,1&87Y
0, 1512
0.15%38
Nals4S
Del%2a

Feb. 4, 1972

-
<

0.0t
=0y 0341
-0,0379
-0.034p
~0.0%2)
=~0.0472
=C. 04TH
=f.0N=T0
-0, D429
-y DG4
=J.0M03
=0a0¥%1
=0.0%TD
=0, 3553
-C. 0400
=0. 0288
=0, 0112
~0.0%37
=0 0331
~0.07k8
-0.0321
-0, 0534
-0.0>40
-0, 0219
=0. 074"
-0,025%
=N, 0267
=0.029%
-0. 3301
-0, 07RT
-0, 0291
~f. 0287
-0, 0780
=0.03%3
=0, 03049
-Q.0279
=0.0270
=0. 0754
=0.0330
+0,0%n7
~0.0221
-0, 06270
=0.0721
-0.07 76
-0.0831%
-3.0329
-0.0293
-0.0%65%
-0, 3760
=-0.0272
-0,0248
-0. 0327
=0.0264
-0, 0223
-0, 031}

—
=

0.0835
C.27351
0.0714
0,0735
. 0703
0.0712
0. 0703
G.079a
D078
D.07LT
0.070%
Q. 0898
[ BY+1.Y:) §
0.2857
0.0673
0.0680
0. 089%
C. 0712
D.3590
0, 0592
0.C724
0.071%
0.0TC02
Du272%
0.0753
0.07¥7
. 07064
G.0T31
0.27%2
Du DVt
0.0Thé
0.0719
Q.0735
0.273%
0.0150
DJDTAT
0.0730
C.0T15
g.0727
0. 0745
D.0482
0.0%64
0.0%24
D383
0,072
0.0733
0,0754
[LAGREY.]
QadT62
. 0751
D.0127T
0,0727
D.0T4N
D.07e%
Q. 0TLY

Landing
gear

Extended

“



34

Weight

18704,
187C1.
ldsss,
12550
Leses,
18660,
1B6Th,
Leses,
14583,
[ X318
18652,
LEaaT,
10641,
18836.
Lee1l,
1362ba
1682l.
18¢16.
18611,
LEBL6,
18891,
185GL,
185%1.
18584,
1e58C,
145715,
1asro.
18555,
Lesad,
18553,
18840,
L8545,
19%345,
18534,
Le525,
L3324,
lasia,
14517,
ins07.
165¢2,.
18497,
lasng,
10486,
18s8].
iLEaTs,
1847y,
1fstn,
18480,
1A255,
1845¢,
12445,
18440,
18435,
19430,
VAL 7S,

Thrust

1ea0z.
[L-LEL
lértea
18420,
18407,
1259¢.
15301,
20248,
2078,
20604,
20472,
20109,
19423,
leras.
13524,
185304
18784,
19044,
lsana,
18492,
193r7T.
18857,
15544,
19913,
Le587,.
1875).
18738,
15122,
183216,
19451
195qs,
193771,
1s2ce.
19i08.
19239,
19547,
£C337,.
202%8.
2dl86.
19921,
19%09.
19216,
13058,
19100,
19292,
196148,
19720,
19437,
19189,
19242,
19124,
18927,
1905¢C,
19212,
153808,

yn.
res.

Tealth
6904
b&, &8
sl.0&
ST.e?
%Y. 69
50.18
“T.561
ki, Ry
4lu5e
39,01
3T.57
1640}
LIPS & )
M.1s
34,11
3).8)
3348
M.70
29, 12
20,08
26.0)
25. 7%

‘26.00

26. 44
20,08
24,94
20.67
1%9.46
18,04
17.10
16,52
1e,.52
18,91
18,47
18.37
18445
1%, 71
1%.42
lé. s
14,133
14,08
13.28

12.49
11,62

10.36
9,28
A, 91
924
B.67
T. 8%
T.37
T. 08
S.97
$a21

1.2
12.4

1.0
i2.3

10.5

b0

1n.7
Botr
(3%
2.9
12.9
10.4
Te ke
Ts2
LIS
6. 8
6,7
6.9
9.5
1.2
10. 8
8.0
Te?
Te s
L]
6. 9
8.9
.8
11.#
10.%

TABLE 3.24.

*KL1, KH3*
]
-
(4] e
< ~
= jund
8.1 %00
=49 *,a71
=5.1 4,59
~%.2 &, 10
—h .2 4,00
-1.7 LN
1.0 3.e7
2.3 31.3n
2.2 3.18
I.8 .11
l.4 3.10
1.3 3.10
1.3 J.08
1.2 1.04
1.5 2e%T
2.2 2-Ar
2.7 278
L Ak 2.70
2.3 2443
2.7 2,37
32 2.51
3.5 2ah2
4.0 2.1
Lo b 2.2%
~aQ 2.19
2.4 2.17
1.0 2.18%
LX) 2.12
4.7 2.07
L | 2.91
4 9 1.9%
*.9 1.91
Sed l1.87
Sed 1.82
5.6 1.78
S. 8 1.70
5.9 .62
L 1.%8
bel 1.%5%
LT .93
(2%} t. 51
L 1.49
b 2 .53
a1 1.58
6.2 Lak?
4.3 1.27
e, 1 1.22
5.0 1.1a
5.8 1.12
Baf 1.08
8.0 1.03
ba2 Q.97
[ Y d.491
b7 0.83
5.9 0,78

Tau

118
11,5
114,6
118, &
114.9
118.2
112.9
106,7
100.3
99,2
99,0
94.¢
4.9
LT
93,9
93,8
LLN ]
3.4
98,7
98,8
99,/
98.8
LN )
98,48
s8.8
9.6
81,2
95.2
.3
h, ]
93.9
4.0
Ve ,0
9.9
3.9
9.8
91,8
93,9
93,6
9.8
9.9
93,8
1,7
93,8
93,8
€y, 7
93,1
23,4
93,7
91,7
93.7
3.5

¥3.7

9.8
9.7

SH/Sy

L.324
1.331
1.125
1.317
1.310
1.332
l.40al
1,657
lau78
1.451
T.ako
le404
l.320
1.2%7
1.207
t.219
1.249
L.2359
l.748
1,204
1.19&
l1.248
1.329
1.236%
1.397
Ta451
1.354
1.25%%
1.261
1.702
1212
1.745
le282
L2t
1.268
1.308
L P L)
1.7
1,312
1.3%0
T.301
1.204
1,233
1.228
1.280
1.208
1l.320
L.279
l.248
1.232
1.243
1.218
Le215%
Le24s
L.281

LANDING (CONTINUED)

Vert

0.13)
0. 130
0,127
C.12%
0.11%
0411«
0.1010
0.123
0. 089
0,09%
0.0%3
0. 022
0.0%1
0. 091
0.091
O.04%t
$. 090
0,283
0. 087
0. 0A3
.08
0. 079
f.07t
Q. 077
c.07%
0.082
0.o7?
Q.07
Q. 047
C.086
Ne0n3
0. 062
0,062
0. 063
G088
0.0%%
C. 0o}
0.n%59
. 0309
Q.059
J.0%7
0. 157
0.056
Cas 0%4%
0.052
0.04%
0. D4n
D.085
0. Q47
0.045%
C.047
Caa2
Q.04%
0.0NT
0.0715%

—
=~

N, 1487
0. 1492
Qele?s
Cala?]
T 154T
0.2144
0. 1811
Q.%3498
O.143%
0. 1340
G.1327
T=1376
N.1404
o.1328
a.111
0.133n
Q1277
D,y
[+ & 3:1.8
0.133%
D.1248
C.12%4
0.:310
0.1370
G. 0999
o.59%2
0. 1384
0.1234
O.1182
0.1137
2.1126
0. k102
0.1930
0.105)
0.1318
Jal340
0.107%
0.105%
IR RES ]
0. 1114
Q.1135
0.107
0.10L7
0.1043
0.09 7
d.086%
0. 2EDA
G.0044
n.07M
Q.48 2
N.08%]
0.07249
©.078]
G.07813
0.q%0}

Feb.

=
b

~0.0306
=0. 0115
=-0.0t%8
-D.028%
0. 0376
=0.04ns
= Q0484
=0, 038%
=0.0308
=-0. 028t
-0,.0304
=-0. 0217
=2. 93067
-0.0387
=0. 0436
~0.0%94 -
=M. 0370
~0, 0403
=0.0%an
-0. 0400
=0, 02462
=0 3105
-0. 0772
=-N,0u7?
o, 8m=
0.08L7%
0. 1197
-G. 000
=D 0Tha
=0, H4%
-0.024%%
~0. D343
-0, 03121
=D.02%8
~N, 07317
~D.0298
=N 0224
~0. 0237
=002
=0. G2ym
~D.07204
=0. 0?40
=0.0240
~0.0*1%
-0, 0227
=Q.0240
-0, 0728
-0.0237
=N,030R
-0, 0178
=d.0%78
=Ca 0L T2
=0.0200
~2,0252
=0.0230

4, 1972

=
=

L.04A8
0, 0497
9, 071N
0.3722
0. 0H58
G.0n%1
0.Ch28
C.0HAR
0.0734
0. 0732
0.0720
0.0T10
0.0720
0.07¢%
0. 0740
2.0M%
0. Cac
L.a73s
D.074}
0.072%
0.0T02
d.g¢71 @
0.0719
8.3703
0, 0729
0.0792
0.078L
0.0702
0.0%0)
Q. 0721
0,072
g.0720
0.0
B.006AN
0. CoTs
O.0na%
C.0T03
V. D704
0.%579
0. Gaen
0,0680
Q.Chk0
Q.0682
D.CELS
Q. 048
0,.9866
0. 0850
Ci206)
Datnry
C.Gh1Y
Q0a29
D na0s
0,04t &
D.0BLY
0. 0619

Landing
gear

Extended



Hr

Min

Sec

aT.02
AN.492
49,02
50.02
2la02
42.02
3. 02
34.C2
35.02
36.02
57T.02
28,02
59.02
0.02

Weight

Lasl9.
10414,
128408,
18403,
18398,
1231392,
18357,
1838},
18376,
18370,
10385,
k0362,
jeldel,
183sl.

TABLE 3.Z2e.

Thrust

AST52.
L0%bb.
200el.
19521,
19798,
1537 %
20093
20600.
20388,
19Ta2,

1425%2,

5048,
1632,
1378,

i)

[l

520
3.0
5.12
4,88
&,27
3. 5%
3.13
3.9
.04
2a B4
3,64
[P 1)
., 81
4ohd

LANDING (CONTINUED)

*KL1, KH3*
[
Fe
¥} A
= ~
ft ja o
6.9 Qs b
T Q.61
6.3 0.%8
[} 0.31
bal IS ]
b2 0,39
7%} 0.2
[ ) Q.24
4.0 0.18
b2 C.00
Lt 0. 05
0.7 0.05
. Ou® 0.0
.8 0.03%

Tau

93,7
3.7
.4
9.7
936
9.4
9.7
3.7
93.0
24,7
2.9
58.7
17.1

T.0
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4.,1. Introduction [not included with German document ]

4.2. Notation

4.3, Principles Pertalning to Models

4.4, Test Method

4.5. References

Figures

4,1. Jet-induced pressure distribution on the underside of a
panel with a central jet. Mach number effect.

4.2, Effect of jet Mach number on jet-induced force in Do 131
hover close to ground.

4,3, Effect of jet Mach number on Jet-induced pitch torque in /106
Do 31 hover close to ground.

4.4, Do 31 interference measurements. Effect of air feed lines
on the aercdynamic coefficients.

h,5, Interference from inlet and outlet flows on a partial
wing/fuselage model.

b, 6, Effect of nozzle position, in the longitudinal directlon,
upon pressure distribution on the wing.

4y,7. Compilation of practical methods for power plant simula-

tion in model tests.
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4.1. Introduction

[Section 4.1 not included with German document. ]

4.2. Notation /108

Ad Change in 1ift due to jet interference

b Wing span

Ca>CM»Cy - Aerodynamic coefficients of 1ift, torque and drag,
respectively

Cp Pressure coefficient

Dj Diameter of thrust nozzle

H Ground distance

Ru Mean aerodynamic chord depth

AM Change 1n piteh torgque due to jet interference

Ma Mach number of thrust jet

Pq Total pressure in thrust Jet

Py Ambient pressure

Sos SMTW Gross thrust

Voo Aircraft speed

Vg Power plant inlet velocity

vj Power plant jet velocity

AZ Change in 1lift thrust due to jet interference

o Angle of attack

ol Density

4,3, Principles Pertaining to Models élgg

4,.3.1, 1Inlet Flow

The simulation of inlet flow with a model must be done in
such a manner that the flow conditions asscciated with the full-
scale version are set up, both in the power plant inlet and in the
region surrounding 1it. Certain conditions with regard to pressure
drop, dynamic pressure recovery and uniformity of flow must be
gsatisifed at the inlet for efficient and disturbance-free operation
of the power plants. Maintaining the same ratio V_/Vg between
free stream velccity and inlet velocity can be considered the
most important principle pertalning to models. Since separation
phenomena at the 1ip of the inlet or at the hub are a function of
Re number, approximately similar conditions to those associated

oL



with the full-scale version must be created by artificial transi-
tional means if the ratio is not maintained with the model. Mach
number effects are not so important, in contrast, since the

usual mean inlet velocities do not exceed 150 m/s.

The external flow fileld of the inlet flow is governed by the
sink effect, which, if compressibility effects are neglected, is
determined only by malntenance of the kinematic flow condition
in the form of velocity ratio Vm/VE.

4.3.2. Power Plant Jet

The model principles which apply to Jet simulation are
governed by the principles of free jet propagation in qulescent
or moving air surrounding the jet. The most important similarity
parameter 1s the ratig of Ehe momentum densities of the cncoming
flow and the jet (pov&/p:v5). From this 1s derived the so-called

. . d 0 d
effective velocity ratio

Ve Pos v3 /
— —_— 110
Vi e ?3 Y3 —

which has generally been adopted as a useful characteristic quan-
tity 1n jet interference processes. Temperature effects can
thereby be neglected for all cases encountered in practice. Mach
number plays & certain role in free Jet propagation; the drop in
dynamic pressure along the axis of the Jet takes place more
slowly at high Mach number than at low Mach number.

Measurements in [4], Fig. 4.1, show the corresponding effect
upon the Jet-induced pressure dlstribution on a panel with a
central jet. Measurements with the 1:20 model of the Do 131 1n
hover close to the ground likewise show that jet-induced force
decreases slightly with increasing Mach number, Fig. 4.2. The
Mach number effect wlll probably become insignificant for future
V/STOL aircraft with fan power plants of relatively low jet Mach
number,

The effect of the Re number of both the free stream and the
jet can be neglected. However, 1nitial conditions in the nozrle
outlet have a conslderable effect on free jet propagation. They
include the distribution of static pressure and total pressure,
as well as the degree of turbulence. The latter was not taken
into consideration in those jet interference studies known to us.
Its iImportance will increase, however, as more 1s done in the
future in the way of measure® aimed at the rapid decay of the jet
due fo nolse and erosion considerations. For fan power plants, too,

95



it is necessary to attend to this point, since attention must be
devoted to blockage by the relatively'large hub and to a resildual
spin in the Jjet.

4,4, Test Method /111

The decisive point for a reliable V/STOL test method is
power plant simulation. The first generation of V/STOL alrcraft,
ineluding the Do 31, for example, was equipped with single-stage
power plants which were installed in engine pods on the wings.
Due to the location at
which they were installed,
and because the inlet
momentum of these 1ift
power plants amounted to
only about 20-25% of
jet momentum, the
interference forces
associated with inlet
flow are negligibly small,

.;;u. and only the pure momen-

[ {L‘{f[ P)f ‘¥ ‘: tum components in drag
*ﬁu and in piteh torgue need

~wu*f[ 1} 1rfU-" be considered. Thus the

ﬂ

N T ...-,_.“..._...m]

L

simplest method of power
plant simulation could

be applied to jet inter-
ference measurements in
the wind tunnel, namely
the discharging of com-
pressed alr. An addition-
al advantage of this setup was that the entire discharge system
was suspended separately from the model and wind tunnel balance,
onn a system which follows the angle of attack. Power plant

thrust and aerocdynamic forces on the aircraft were thus measured
separately, allowing very preclse measurements of the interference
forces. The design of the wind tunnel model and the test setup
have already been shown in Section 1, Figs. 1.5 and 1.6, with

the Do 31 sgerving as an example. A color photograph of the 1:20
jet interference model of the Do 31 in the Dorniler wind tunnel

is shown ‘above.

Ma.'..-u

The colors show the following: /112
Red: 1:20 model, suspended on the wind tunnel balance. ,
Blue: Air-line and follower system, mounted on the turn-

table independently of the model

Yellow: Support column for the point of rotation of the com-
pressed air follower system.
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without pipeline.

1lift is negligible, and zero torque must be corrected by

QCM

+0.02;

see Fig.

4.4,

Do 31 interference measurements yielded good results.

The effect of the air feed lines on the aerodynamic coeffi-
cients was determined from two comparatlve measurements with and
The effect on drag is considerable, that on

For future V/STOL aircraft with fan power plants or two-

As was shown in Sections 1 and 3, the

stage power plants of high bypass ratio, inlet momentum is almost

as high as outlet momentum.

the Jet.

siderable tall-heavy torgue.

inconsiderable, as Fig. 4.6 from [5] shows.

wing, an interaction of Jjet and inlet flows occurs.

two examples.

model tests.

a

c

d

e

DRUCKLUFTSTRAHL

EJERTOR - TRIEBWERK

GEBLASE HIT £-MOTOR

TURBINERGLBLLSS

Druckluftsystem beridry
rungsirer gegenuber
Flugzeugzelle

L =

@5. Mator

e

Possible methods for power plant simulation in

model tests.
Key: a.

with airframe

0

Turbine blower
Compressed air

Jet of compressed air
b. Compressed alr system makes not contact

Ejector power plant
Blower with electric motor

The contribution of inlet flow to
interference is thus on the same order of magnitude as that of
Fig. 4.5, taken from [6], is an extreme example of this.
The force in the 1ift direction induced by inlet flow far ex-

ceeds the 1ift induced by the Jet. Inlet flow induces a con-

The necessity of simultaneously simulating inlet and outlet
flows in future V/STOL model tests can be seen Just from these

The figure shown below provides an overview of the power
plant simulation methods which are availlable, and Fig. 4.7 glves
a compilation of practical methods for power plant simulation in

i
.

Although the larger component of the force induced by the Jjet
is operant on the underside of the wing, the effect on the pres-
sure distribution at the upper surface of the wing is not
Now if the power
plant inlet is located close to or on the upper surface of the
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The discharge of ~a. compressed air jet at the location of
the power plant nozzle is the simplest type of power plant slimula-
tion. Inlet flow is not simulated. As already mentioned, this
method was applied successfully to the Do 31. The 1list in
Fig. 4.7 also shows that a relatively large number of jet inter-
ference studies were performed 1n England and at NASA with this
technique. However, these always involved VIOL confilgurations
with jet power plants of high momentum density or measurements in
hover with the ground effect, in which cases inlet flow 1s
unimportant.

In the case of the ejector power plant, the high-energy
primary jet sucks air from the inlet by turbulent jet mixing, and
a multiple of the quantity of air which was blown in is discharged
at the outlet. A relatively long mixing length is necessary for
this, however (at least five mixing duct diameters). Structural
length can be considerably reduced through the use of multiple
nozzles for the primary Jet, so that approximately the size ratios /114
assoclated with bypass power plants can be realized, as can be
seen from the list in Fig. 4.7. This method has recently been
successfully applied by Dornier for recirculation measurements, to
simulate 1ift fans whose height is smaller than their diameter.

No empirical information is available for jet interference
measurements.

Blowers driven by electric motors to simulate 1ift fans have
been used by the RAE and AVA (see Fig. 4.7) in several jet inter-
ference studies on VIOL components. Depending upon space
conditions, the electric motor was connected with the blower via
a short shaft, an angular drive system or an extension shaft.
Guide vanes eliminate rotation, so outlet flow is quite similar
to the large-scale version. Inlet measurements are also possible
at the same time, and the measurement of power and torque provide
information concerning the fan characteristics in transition
flight. 'In the case of blowers driven by extension shafts,
vibraticon problems must be expected. The effect of exfension
shaft blockage upon flow about the model 1s highly dependent upon
the alrecraft's configuration. This point 1s not considered to be
critical. The AVA Gottingen provides a tested series of high-
speed three-phase motors, with blower rotors.

The blowers with blade-tip drive used to simulate 1lift fans
are in some cases stlll under development (AVA), or they are
already avallable as complete units. Although no prices are
available, 1t is estimated that the price 1s to be a multiple of
that for the blower with electrlic motor, to say nothling of main-
tenance expense and maintenance requirements.

In summary, the following recommendations can be made con-

cerning the test method to be selected for future V/STOL aircraft
with 1ift jets:
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1. The interference effect of power plant jets (jet power
plants with or without bypass and fan) in hover, with and without /115
ground effect, can be measured with sufficlent accuracy in model
tests uslng the simple method of compressed air discharge.

2. Interference between cell and power plant in transition
flight can be determined reliably only through the simultaneous
simulation of inlet and outlet flows in the case of V/STOL
configurations wilth 1ift fans. At present, wind tunnel models
with blowers driven by electric motors are best suited for this

purpose.
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Fig. 4.7. Compillation of practical methods for power plant 123
simulation in model tests.
. . Literature
Firm/Institute Project reference . .
l. Compressed air Jet
Dornier Do 31 V/STOL transport aircraft VW 537
with Jet 1ift and 1lift/thrust
power plants
Hawker P1127 VTOL combat aircraft ZfW 15/7
Siddeley Av. with jet 1ift/thrust power
plants
NASA VTOL conflguration model with  NASA TN D-3166
jet 1ift power plants NASA CR-1297
NASA TN D-=2380
NASA TN D-3213
NASA TN D-1400
RAE VTOL component model with RAE TN AERC 2971
jet 1ift power plants ARC CP 718
DEVLR V/3STOL transport aircraft, DFVLR Report 70-28

principal model with jet
lift/thrust power plants

2. Injector power plant

NASA VTOL configuration model with
jet 1ift and 1lift/thrust
power plants

AVA Airbus with bypass power
plants

MBE VT0L combat aircrait with

1ift and l1lift/thrust bypass
power plants

3. Blower with electric motor

Dornier De 31 V/STOL transport
aireraft
AVA VTOL half-model with 1ift

fans

NASA TN D-4812
NASA TN D-5727
NASA TM X-1758
DLR Report 70-28

DLR Report 70-28

VW 313

DLR Report 70-28
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Fig. 4.7. (continued)}
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5. Basic Material for Estimating Jet Interference in Hover and
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in Trangition Tor Future V/STOL Aireraft:
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5.1. Alternative models for treatment of change in 1ift in

Do 31 hover with cruising power plants only.
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5.1. Introduction /128

So far, it is not yet possible to determine the jet-induced
forces and torques of an aircraft configuration in closed form
by theoretical means, due to the complex flow processes.

Usable computational methods are avallable only for the
simplest cases such as a panel with a central jet in hover in and
out of ground effect, as well as formulations for solving the
problem in oncoming flow. In addition, a large number of measure-
ments, primarily wind tunnel measurements, exlst for a great
variety of aircraft configurations and alseo for simplified basic
models. To be sure, the avallable measurement results are far
from adequate for setting up empirical relatlons by means of which
jet interference in hover and in flight, in and out of ground
effect, can be determined for any alrcraft configuration.

Estimating jet interference for a new alilrcraft probject
amounts to extrapolation on the basis of more or less well-known
influencing factors, starting with a similar aircraft for which
measurements have been taken.

With a view toward future V/STOL transport aireraft, an
attempt is made in the followlng to 1ndlcate the most important
Influencing factors on the basis of experience galned during Do 31
development and through the evaluation of outside work, and to
give the project englneer points of reference for estimating the
jet interference effect.

Unfortunately, studles could not be performed systematically
enough during Do 31 development that all influencing factors are
known quantitatively. Suitable wind tunnel measurements cannot
be dispensed with in a new project.

5.2. Notation /129
A deraodynamic effect

B, b Wing span

Cg Pressure coefficient

Dj Diameter of thrust nozzle

Des Die Equivalent nozzle dlameter

F Area of aircraft planform

Fj Area of thrust nczzle

H, h Ground distance

hpy Distance between landing gear and ground

111



P Total pressure in thrust nozzle

p: Ambient pressure

q Dynamic pressure in thrust jet

So Nozzle thrust

o Aircraft speed

Vi Initial velocity of jet

X : Coordinate In direction of power plant axis
PJ Jet density

5.3. Jet Interference in Hover OQutalde Ground Effect

"~
|—l
A
o

A power plant jet exhausting from the underside of an air-
frame causes a loss in 1ift. The 1lift loss is caused by the
underpressure on the underslide of the airecraft, which in turn 1s
produced by mixing of the turbulent power plant Jet with the sur-~
rounding alr. Close to the ground, the jet interference effect
can change both in magnitude and in sign, depending upon ground
distance and alrcraft conflguration. The ground effect is treated
below 1n Section 5.4.

There have so far been a few dozen studies on the jet inter-
ference effect on certain aircraft configurations. Systematic
studies to determine the parameters are known only from [1] and
2], however; these, too, possess no general validity, since only
fighter configurations are covered. In purely empirical terms,

a relationship 1s found between 1ift loss, on the one hand, and,
on the other, the ratic of the aircraft surface area F surrounding
the jet(s) to jet area Fj, the drop in dynamic pressure along the
axis of the jet, and the statlec pressure of the jet:

) /a g (x) vV ' J"
f P_~pw -
— e K —— i+ X .
So By 0 ey (E) (52) . (1)

j max I W

The significance of the second square root expression 1s made
clear by the following diagram:
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For a fighter configuration with 1ift power plants mounted in /131
the center section of the fuselage, model measurements in [1]
yielded the following for approximately critical discharge:

p =064
k -(=2) = 0.009

A conspicuous feature in (1) is that the statie pressure
ratio for the Jjet appears as a parameter., If we look at the ex-
tensive studies in [9] on free jet propagation, for example,
the effect of Mach number on jet propagation becomes clear.

The constant K in (1) is by no means universally applicable.
It is wvalid only if the configuration does not deviate too much
from the arrangement under discussion.

Considerable differences in the magnitude of K can occur
between central and peripheral arrangements of jets. In particular,
power plant pcds with a series of 1lift power plants, which are
often mounted outboard on the wings of VTOL transport alreraft,
can result in a considerable reduction in jet-induced 1ift loss,
since a relatively small wing area is located in the 1mmedlate
viecinity of the Jets. Thus in the case of the Do 31, the four
power plants installed in a pod at the wing tip caused about
2.22% 1ift loss, whereas the four nozzles of the Pegasus cruising
power plants located inboard under the wing produced 3.6% 1ift
loss (referred to inherent thrust). In both cases, jet area was
approximately the same and jet propagation from each set of four
nozzles was probably likewise about the same.

The effect of the distribution of the area surroundling the
jet will be covered 1n the rfollowing 'discussion. The force
exerted on the underside of the ailrceraft is expressed as follows:

*

'é‘g-‘fdp.bp --lg.g »
> IS TR B LR
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where C,. is the local pressure coefficient on the underside of the /132
aircraf%. It is now assumed that C, decreases linearly with the
reciprocal dimensionless distance from the center of the jet,

_

1
cp--r—’;pj ’

an assumption which proves to be reasonable, as will be shown
below.

For 1ift l1loss we thus obtaln

W r Oy = 2w
K D
AS leF 1 1 ] I I
= B % e [ b e o ow o= K drad¢
2, F
o 3 Dy 2 1 F,
Dj,2 0, =0
2n

D .
- - 3l Fi 2{ [r {0y -~ oj/2] 40 j;""fﬁ";/f,;:g

--2K, ﬁr (0) - D, ,,] 40 @[:" (/
. I

n D i
3 7
v
If t 1 - -
we se ~ .f [r O Djle d0=5H
(2
then a8 _ _2x¢y D
So Py (2)

Here, D: is nozzle diameter, and D can be conceived of as the
equivalent diameter of the aircraft's planform.

For the special case of the round panel with a central jet,
we can integrate and obtailn
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So
where D 1s panel diameter.

Converted to the ratioc of areas, thls becomes

e

F
=-—2K1.}’Fj (3)

mla

O

The same relation exists in (1) and (3) between 1ift loss
and area ratlo, thus indicating the assumption regarding.the
dependence of C, to be reasonable. The constant K7 is a function
only of jet characteristilcs, and these are taken into considera-
tion in relation (1). Relation (1), expanded to cover any
alrcraft conflguration, thus reads as follows:

. /
F 9 (x) b -0,64
. = |~ 1 o
Az . B O | = RO .1 4
- g- = K '5 IR .?E {5) (Pm) ( )
o J Dj max Dj W
Like (1), relation (4) can only be used to convert 1lift loss

from a known configuration o one which is somewhat similar,
since the constant K does not possess general validity.

The progress which (4) represents over (1) consists of the
fact that deviations in the "planform of the aircraft

and in the arrangement of power plants can be covered. Example:

Circular panel Quarter-circle

.

P

. 2R

F = R? F =1 R?

2n 2n *
er6=2ﬂR [ rao=nwr
[+ ]

115

s
H
Lad
L



face area F differ in size

The circular panel and the quarter-circle of the same sur- /134

——

e

‘}“r o
]

by a factor of two. The same 1ift loss would be obtained from
(1) for the two cases, whereas on the basis of (4), 1ift loss for
the circular panel would be twice as large as that for the
quarter-circle, which is reasonable.

Unfortunately, no systematic measurements are available to

demonstrate the usability of relation (4). An attempt will be
made, however, to calculate 1ift loss with (1) and (4) in the
example of the Do 31 1ift power plants and the cruising power
plants, oriented vertically in the downward direction, and to com-
pare it with wind tunnel measurements. Although the configuration
of the Do 31 differs considerably from that studied in [1], we
shall adopt the value K x (Pg/P,)~0.64 = 0,009,

The four Do 31 1ift power plants, arranged in a line, and

the four cruising power plant nozzles, arranged in a square, can
be treated in relations (1) and (4) on the basis of three dif-
ferent model representations; Flig. 5.1 provides an overview.

(4),

116

Model T

The four individual nozzles are treated as one normal
nozzle of equivalent diameter, with the dynamlc pressure drop
of a normal nezgzle,.

Model II

The four individual nozzles are treated as a quadruple
mixing nozzle of equivalent dlameter with the dynamic pressure
drop of a mixing nozzle.

Model IITI

The four individual nozzles are treated in isolation,
each nozzle being surrounded by the entire alrcraft surface
and possessing the dynamic pressure drop of the individual
nozzle. The overall effect 1ls obtained by llnear
superposition.

A11 three models are treated both with relation (1) and with /135



Unfortunately, values for mazximum dynamic pressure drop 1in
the jet are not available for Do 31 model measurements. Measure-
ment results from (1) [siec] are used here; these are plotted in
Fig. 5.2. They are from measurements performed on a group of

four which are arranged much 1like the Do 31 cruising power plants.

In the case of the single nozzle, D; represents the diameter of
the single nozzle, whereas for the group of four, Dj corresponds
to the equivalent diameter.

The results for changes in 1ift determined in this manner
are given in Fig. 5.1 and are repeated in the table below.

CRUISING™ POWER- PLANTS: . ~AS/S4 IN %

Model representation
I IT I1T
Relation (1)} 1.97 3.94 3.94
(4) 1.68 3.36 3.36

As already mentioned, the 1lift loss measured in the wind
tunnel for the cruising power plants is - AS/S, = 3.6%.

The same approach was applied to the 1lift power plants. The
table below shows the results of computation.

LIFT POWER PLANTS: -AS/Sg; IN %

Model representation
I IT I
Relation (1) 1.98 3.96 3.96
(4) 1.2 2.4 2.4

The 1ift loss measured In the wind tunnel for the 1lift power

plants is -AS/S, = 2.22%. Since the parameter Kg for the dynamic

pressure drop in this case 1s exactly twice as large as for the
individual nozzle, 1ift loss as indicated by equation (4) will be
exactly 1ldentlcal in cases IT and III and exactly half as large
in case I.
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Model representations II and III yield good agreement with
the wind tunnel measurements for the crulsing power plants, as
determined both wilth relation (1) and with (4), whereas only (#)
yields good agreement for the 1ift power plants. This 1s

reasonable, since the 11ift power plants have an extremely outboard

position, where the considerations which led to relation (4) are
guite applicable, Relation (4) can be recommended on the

basis of these positive results. That model representation I
greatly underestimates 1lift loss 1s clear and reasconable, since
the equivalent individual nozzle in I has completely different
Jjet propagation from that associated with a group of four.

Thus the use of model representation II or III can be re-
commended for groups of nozzles. If the behavior of the dynamic
pressure drop is known, II is probably to be preferred, since the
superposition principle used with III has not been validated.

5.4. Jet Interference in Hover Close to the Ground

In hover close to the ground, other changes in force and
torque besides jet-induced secondary forces of free hover act
upon the airframe.

A single jet directed perpendicularly or cbliquely at the
ground, or a line of Jjets, is deflected at the ground and flows
off in the form of a wall jet. Like the free jet, the wall jet
draws air from the surroundings and generates an underpressure on
the underside of a panel perpendicular to the ground. When a
pair of Jets or pair of rows of jets is almed at the ground, an
upward current (fountain) develops between the palr which
generates an overpressure on the underside of the panel.

In an alreraft configuration with a particular power plant
arrangement, both effects, namely the suction effect and fountain
effect, are superimposed on one another and affect each other. A
theoretical solution 18 not yet possible for thls complex
process. We will first determine the approximate flow pattern,
particularly stagnation points and 1lines of flow, from informa-
tion on the individual effects and also on the basis of personal
experience, and then attempt to also obtain quantitative informa-
tion regarding secoridary forces and torques by superlimposing the
individual effects.

As a basis for this approach, an attempt will be made below
to analyze the individual effects; this is followed by the
analysis of a complex configuration, using the example of the
Do 31.
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5.4%.,1. Analysis of Jet Interference Close to the Ground

The process of jet interference close to the ground can be
analyzed in simplified form as shown below and broken down into
several basic configurations.
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a) Individual jet exhausting normally from a panel and oriented
normally with respect to the ground

A jet exhausting from a nozzle ls propagated in accordance
with the known empirical principles governing free Jet propaga-
tion and, after deflection at the ground, in accordance with
those governing wall Jet propagation. The reglon close to the
stagnation point, with a radius of about one nozzle diameter, 1is
excluded here. The drop in the characteristic veloclty of the
free or wall jet occurs linearly with distance from the nozzle or
stagnation point, respectively. The decrease in maximum veleccity
in the wall jet is governed by the propagation law

in which the nozzle's distance from the ground does not appear.
The constant K has various values in the literature. The reason
for this lies primarily in the different initial conditions in the
nozzle.

The natural flow toward the free or wall Jet is obsfructed in
the case of a jet exhausting from a panel parallel to the ground.
The surrounding air 1s sucked in along the underside from the
margin of the panel and produces an underpressure. If the panel
is very large or the distance between nozzle and ground 1s very
small (H/Dj < 1), this flow pattern no longer applies. Thils case
1s of no practical interest, however.

The underpressure on the underside of the panel and thus the
total force acting upon the panel can be calculated with the aid
of potential theory if assumptions are made regardling the air
sucked in by the free and wall jJets. In Seibold [10], the jets
are represented here by coverage wilth sinks, the panel by coverage
with vortices, and the ground by reflection. The comparison
between calculations and measurements is unfortunately shown only
to a ground distance of H/Dy < 0.5 in [101.

In [11], an empirical relation, obtained from measurements
with circular panels of various size, 1s given between relative

thrust loss and ground distance, which is made dimensionless with
the difference between, panel diameter and nozzle diameter.

gu_ﬁiﬂ = 0.012 (5~75) (L4a)
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The reference quantity on the right side, which can be con-
ceived of as the equivalent diameter of the panel area surrounding
the nozzle, 'is interesting and is physically meaningful. Panel
area and nozzle area are thereby eliminated as independent
variables. This relation is also applicable to conflgurations
with fan power plants, for which the ratio of nozzle area to
panel area is an order of magnitude larger than in the case of jJet
configurations. It is suggested that in the case of noncircular
panels, panel diameter Dp be replaced with an equlivalent diameter

Dp in analogy to the considerations discussed in Section 5.3.

A likewise empirical relation, almost identical to (4a), is
given in [4]:

"'243

S. [HYDj ]
0.994 (P/Fj)’/= -1
(4b)

Expression (4b) differs from (4a) by a factor of only 0.994
in the case of the circular panel. Relation (4b) is handier for
first approximations than (4a) and is shown Iin Fig. 5.3 as a
working graph. A comparison between (4b) and measurements per-
formed on varlous rectangular panels in Flg. 5.4 shows
acceptable agreement for project estimates.

b) Row of jets or slotted jet, exhausting from a panel and
oriented perpendicular to the ground

A notable feature in Fig. 5.4 is that a slot nozzle with
an aspect ratio of about 9 generates a smaller secondary force than
a round nozzle of equal area. The difference is in the different /140
propagation laws governing the three-dimensional single jet and
the gquasi-two-dimensional slotted jet. As already mentioned, the
linear propagation law applies to the round jet for velocity:

—_

whereas the square-root law applles to the two-dimensional case:

<

max K g

(x/0,) "2 |

<
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Tt is reascnable to formulate relation (4b) as follows for
the two-dimensional case:

g H/Dj ]

H=wx

5 .
5

- K
o .So [(F/Fj)1/~ -1 (5)

¢) Two rows of Jets with panel hetween Them

In the case of two rows of jets or two slotted Jets oriented
perpendicular to the ground, a stagnation line 1s generated in the
plane of symmetry above which the wall jets coming from opposite
directions proceed in .the form of an upward vertical current. A
body lying transverse to this upward current experlences a force
in the direction of oncoming flow similar to the drag of the
particular body in a free stream.

Now the drag of various bodies differs considerably. An
infinitely long circular cylinder has a coefficient of drag of
about 0.4 at a Reynolds number greater than 5.102, whereas an
infinitely long panel in perpendicular oncoming flow has a coeffi-
cient of about 2.0. Just this numerical comparison 1s enough.to
show how problematic it is to estimate the force actlng on the /141
body of an aircraft located in an upward flow with all possible
flaps extended for takeoff.

Due to the same facts, on the other hand, influence can be
exerted by relatively simple means, such as auxiliary flaps. An
example of this 1s provided by the measurements from [10] shown
in Fig. 5.5, obtained with a medium-range V/STOL airliner.

In Fig. 5.6, the thrust acting upon the aircraft close to the
ground is plotted against ground distance. Reference quantities
include operant thrust out of ground effect and the diameter of a°
single nozzle. The curves came from measurements performed on
the Do 31 and its successor, the Do 131. The measurements confirm
the predominance of the fountaln effeect, which 1s reascnable on the
basis of the arrangement of jets and the planform.

It is conspicuocus that the curve for the Do 31 lies consider-
ably below that for the Do 131. Various factors play a part here,
such as different ineclinations of the power plant jets and dif-
ferent fuselage shapes, including extended landing gear doors,
and the like. The inflection point for the Do 131 is conspicuous.

For the two rows of jets or two slotted jets oriénted per-
pendicular to the ground, the same propagation laws apply, in
qualitative terms, as in the case of the free and wall jets of the
corresponding individual configurations up to about the polnt at
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which the wall Jjets form a stagnation line. In the vicinity of the
stagnation line, the wall Jets parallel to the ground are deflected
intoe & vertically rising fountain. If secondary factors are
neglected, the fountain can be viewed as a continuation of the

wall jets. The plane of symmetry takes the place of the wall here.
Just as a propagation law which 1ls independent of nozzle height
applies to the wall jet, an analogous propagation law which is
independent of nozzle height H and nozzle separation A can be
derived for the fountaln.

Vnax o K

V3 (zfoj)l/’ (5)

[sic]

In analogy to the linear law governing the drop in velocity,
the following would apply to the fountain between a pair of
nozzles:

max
g, © z/D (5)
vy ¥ [sic]

Measurements of maximum upward flow veloclity along the axis
of symmetry of a pair of nozzles presented in [7] confirm, to a
certain extent, the linear relationship and the subordinate
effect of nozzle separation A beyond a ground distance of
Z/Dy > 3 (Fig. 5.7).

The discussion of principles presented here applies only if
the distance between the pair of Jets 1s not too small compared
to ground distance. In this case, the two free jets mergeveven
before they impinge on the ground and thus obstruct the development
of a fountaln. 8. Harmsen [8] shows this effect very clearly by
means of momentum measurements between a palr of nozzles and by
means of flow pictures taken by the light section method and finds
that no fountaln occurs between a pair of nozzles if the distance
between them 1s not at least one or two times the distance between
the nozzles and the ground.

The following can be wriltten formally for the aerodynamic
force on a bedy located in the upward flow:

AS = cytQp'F

or, referred to nozzle thrust,
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.é.%l: l o . 2 . r— . —E-r
S0 2 W ey Fy oYy (6)
where vp 1s mean velocity in fountain, cy is the body's coeffi- /143

cient of drag, F is the alrcraft area which is .located in the
upward flow. The density effect 1s of subordinate Importance in
Jet propagation and is neglected.

For vp, we assume vy = K+vygay, and we let the distance of the
underside of the fuselage from the ground be Z = h, whereupon
we obtain the following relation with (5) and (6)

. K
W Fy  h/Dy (7)

b

Q

In Fig. 5.6, measured jet-induced force is plotted against
ground distance for the Do 31 and Do 131 with the cruising power
plants in two rows of nozzles each. The linear relation is wvalid
in terms of trend. The different levels of the curves can be
explained by the different shapes and sizes of the fuselage under-
sides.

d) Two jets with panel between them

The flow pattern in case d) is a mixture of case a) and case
b) and 18 therefore difficult to determine even qualitatlvely.
As in case c¢), a stagnation line does develop at the ground, in
one of the planes of symmetry. A vertical fountaln is formed-only
near the axis of symmetry, however. The fountain flows off to the
side over the:remainder of the ground stagnation line. Thus the
fountain effect is operant only in the vicinity of the axis of
symmetry, whereas the suction effect prevalls over the rest of the
panel. Fig. 5.8 shows model measurements of the change in thrust,
close to the ground, on the Do 31 and Do 131 with just the crulsing
power plants running. The configuration of the Do 131 corresponds
roughly to the case under consideration, whereas a fountain effect
clearly occurs at low altitude in the case of the Do 31.

5.4.2., Application of the Analysis in 5.4.1 to the Example of the
Do 31

The most important features relating to jet interference in
hover close to the ground are as follows for the case of the Do 31:
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high-wing configuration
1ift power plants at wing tips
cruising power plants inboard under wing.

First, the jet interference associated with the different
groups of power plants is estimated separately. The 1ift power
plants of the Do 31 contribute little to the change in thrust, due
to thelir peripheral locatlon. The 1ift loss due to the suctlon
effect outside of the ground effect is only about 1% of overall
takeoff thrust. Even close to the ground, no appreclable addi-
tional suction effee¢t or fountain effect occurs because of the high-
wing configuration and the peripheral location. These statements
agree with the model measurements plotted in Fig. 5.9. Only at a
landing gear to ground distance of less than 2.1 (th/Dj) does a
weak fountain effect become operant.

The ecrulsing power plants of the Do 31 produce a thrust loss
of 2% of overall takeoff thrust outside the ground effect. C(lose
to the ground, the cruising power plants represent a mixture of
cases ¢) and d) as treated in Section 5.3.2, for which reason thelr
jet interference effect can only be estimated quite roughly. The
model measurements in Fig. 5.9 show that a slight suctlon effect
exists between values of H/Dgymy = 7 and 1.

Next, the ranges of influence of the 1lift and cruising power
plants under takeoff and landing donditions are delimited, for
which purpose we estimate the ground stagnation lines. In the
case of the Do 31, the ground stagnation lines are avallable from
flow patterns taken in model measurements {(Fig. 5.10). It can be
seen from the ground stagnation lines that the range of influence
of the 1lift power plants is markedly limited close to the ground..
The one appreciable contribution from the 1ift power plants comes
from the stagnation line between the 1ift and cruising power plants.

This stagnation line causes the deflection of a large portion of
the crulsing power plant jets in the direction of the fuselage
underside. The effects of the crulsing power plants are thereby
enhanced: instdad of 360°, the central angle of jet propagation
amounts to only about 220°, so we must expect the effect to be
inereased by a factor of 1.64. The fountain rising above the
ground stagnation line between the 1ift and cruising power plants
is directed against the underside of the wing. Since the distance /145
between ground and underside of the wing 1s already 10 Dypy (in-
dividual nozzle) with the alrcraft standing on the ground, the
fountain effect is neglected.

The addition of 1lift and crulsing power plant thrusts outside
the ground effect and the 1.6U4-fold change in cruising power plant
thrust close to the ground yields the curve of thrust versus ground
distance plotted in Fig. 5.9. The :curve, obtalned by superposition,
lies below the measured value but provides a satisfactory picture
of the distribution and order of magnitude of the jet interference
effect.
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5.5. Jet Interference in Transition for V/3STQL Transport Aircraft
" with Jet Power Plants - .

For V/STOL aircraft with pure jet power plants or with fan
power plants of low bypass ratio (less than 1), the effect on
aircraft aerodynamlcs caused by the power plant: jets far exceeds
the effect of inlet flow. This applies particularly to 1ift,
while the drag component of inlet flow 1s known from Iinlet
momentum, and the torque component can likewise be estimated from
the momentum vector of inlet flow. But the effect of the jets
can be treated separately from that of inlet flow for a first
approximation of interference for aircraft configurations:with fan
power plants of high bypass ratio, too, so the following statements
alsc apply to these cases.

In hover, jet interference from a nozzle jet is based only on
its suction effect due to turbulent mixing of the jet with sur-
rounding air. In transition, an interaction occurs between oncoming
flow and the power plant Jet, which in turn affects flow about
the airframe. The resulting flow field is of a complex nature,
and only a few simplifying model representations are known so far
for theoretically treating quite simple configurations such as /146
that of a simple Jet in a wing, exhaustling downward. Calculations
and measurements exhibit satisfactory agreement in this case
[12-14]. Two nozzle jets positilioned behind one another are
covered in [15]. These model representations do not apply to Jet
positions close to the wing forward edge or trailing edge or close
to the extended landing flap, under the wing or in the fuselage as
they occur in V/STOL transport aircraft, so we must rely entirely
upon measurements.

The jet interference forces on V/STOL transport alrcraft known
from the literature and from our own measurements are reported in
the following section. An attempt is made in a subsequent section
to apply the interferences known from systematic measurements on
single nozzles to the Do 31 configuration by superposition and to
compare these with our own wind tunnel measurements.

5.5.1. Determination of Jet Interference from Wind Tunnel
Measurements

In order to be able to convert from a configuration known:
from measurements to a new one, we must know the influencing fac-
tors. As was already shown in the introduction, no such function
is known for the general case. But no exact conversion function
is even known for the:special case of geometric similarity in the
planform and similarity in péwer plant nozzle position, but with
a different ratio of nozzle area to planform area. Williams [16]
presents a conversion function:

. 1/2 e
AR F Vel
5. Function (Pj) { "'jt: ] ,

126



which is obtained from a dimensional analysis of the jet propaga-
tion process and the long-range effect of the jet deflectlon
process, approximated with a vortex model. Since this simplified
model representation no longer applies to complex configurations
such as those of V/STOL transport aircraft, as mentloned In the
introduction, the conversion function derived from this 1s like- /147
wise very questionable. Since nothlng betfer is known, however,
we will still have recourse to this formula in case of need, if
jet interference affecting a new configuration must be estimated
with the aid ©f the measured data for representative V/STOL
transport aircraft compiled below.

Jet interference measurements performed on V/STOL transport
aircraft are quite sparse. DMost of the published jet interference
measurements cover alrcraft which can be classified as combat
alrcraft on the basis of configuratlon and arrangement of Jets.
Williams [16] offers an excellent summary of the most important
measured data, including an extensive bibliography. V/STOL jet
transport aircraft with such typical characteristlics as high-
wing configuration, large aspect ratio, large fuselage diameter
and a relatively large number of 1lift power plants (at least
eight) arranged in rows or groups of jets have only been studied
by the British Aircraft Corporation (BAC) with a simple wvariation
model. Aside from our own measurements with the Do 31 model, we
know of no additional measurements.

Fig. 5.11 shows a compilation of the BAC measurements
(taken from [16]) and the Dornier measurements, with 1ift re-
ferred to static thrust, plotted over effective velocity ratio.

Configuration A, with the 1ift power plants mounted out-
board on the wings, exhibits the smallest 1ift loss. Rows of
1ift power plants on the sides of the fuselage (configuration B)
are enough to cause more than 10% loss, and the configuration of
the Do 31, with 1lift power plant pods mounted outboard on the
wings and the pivoting nozzles of the crulslng power plants
located inboard, likewlse causes up to 10% 1ift losses., Very
high losses are produced by rows of 1lift power plants in the
central section of the fuselage (configuration C) or inboard on
double delta wings (configurations D and E). In an extremely
unfavorable case, more than 50% of static thrust can be lost.

A comparison of the various configurations lets us state, in
qualitative terms, that loss increases with the area surrounding
the jets.

In hover, 1ift loss is proportional to the square root of the /148
area ratio. This simple relationship does not apply in transi-
tion, since the airecraft surface area surrounding the Jet makes
a variable contribution te Jet-induced force, depending upon its
position relative to the direction of oncoming flow.
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Nothing 1s known from the BAC models regarding momentum
change due to the Jet effect.  The torque curve of the Do 31 was
covered in Section 3. Additional information can unfortunately
not be provided.

5.5.2. Superpdsitidnrdf?Jétsfnterferencé from Tndividual Jets

Since good results were obtalned in Sectlon. 5.3 1n the deter-
mination of jet interference in hover through superposition of the
effects of individual nozzles in the example of the Do 31, this
principle will be checked in transition flight. For jet-1nduced
forece in hover, it was possible to state an empirical relationship
to geometric dimensions and the decrease 1n dynamle pressure along
the axlis of the jet. As was already established in the introduc-
tion, this is not possible for the general case of the individual
jet 1n transition, so we must have recourse to measurements per-
formed on a basic model with a single jet. Such measurements are
known from [17] and [18], in which the position of the single
nozzle in a reetangular wing was varied systematically.

A prerequisite for fruitful superposition is that geometric
conditions be approximately equivalent with regard to the positlon
and size of the jet on the basic model and on the aircraft and that
the reciprocal effects of the individual Jets remain relatively
small. By chance, the first condition 1s satisfied approximately
for the 1ift and cruising power plants of the Do 31 in {61, while
the second condition is probably not adequately satisfied by the
nozzle jets, which are located close beside or behind one another
in the case of the Do 31 under consideration. Only the results
at the end of the following discussion will provide some
informaticn.

The jet-induced forces and torgues on a rectangular wing with /149
a single nozzle are studied systematically in the wind tunnel in
[17] and [18]. In [17], the single nozzle lles 1in the plane of
symmetry of a rectangular wing of aspect ratio 5 at a distance of
zp/% = =0.25 under the plane of the wing. The forward or rearward
position of the nozzle lies between -0.5 < xp/i<< +0.75 (zero g
point at 1/4 & positive to the rear), the jet exhausting vertically,
in the downward direction, among other things. The configuration
of the wind tunnel model in [18] consists of a wing/fuselage
combination, rectangular wing of aspect ratio 4.6, with a single
nozzle under each half of the wing separated by 1/4 of the span.
Among other things, the forward or rearward positions were varied
between -2.25 < xp/f < +1.0 for nozzle levéls (in terms of height) of
zp/% = -0.64 and -0.84, with the jets exhausting vertically, 1n
the downward direction. The data plotted in Fig. 5.12 are supposed
to indiecate the effect. of the nozzles' forward positlion upon jet-
induced force, with the nozzles' position on the vertlcal axls and
the velocity ratio as parameters.
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While the effect is approximately constant for a nozzle loca-
tion in the forward portion of the wing, the “jet flap effect"
occurs if the nozzle is located to the rear, causing a positive
component in Jet-induced 1ift due to supercirculation effects.

The position of the nozzle along the vertical axls influences both
the magnitude of the interference and the rise in the curves due
to the Jet flap effect. It must be mentioned, however, that the
curves for zp/k = -0.64 and -0.89,come from [18], in which a wing
with a single 30% split flap at an angle of 60° was used. The
crossover plot in Fig. 5.12 shows no reasonable trend for the
effect of nozzle locatlon along the vertical axis, for which reason
the results in [17] are used for the application of superposition
to the Do 31. The positions of the crulsing and 1ift power plant
nozzles of the Do 31 along the vertical lie in the range

~-0.3 < zp/% < -0.4, whereas zp/& = -0.25 in [17]. The ratio of
the area of individual cruising power plant nozzles to the area of
the half wing lying outside the fuselage is FJ/F = 1/133, whereas
FJ/F = 1/145 in [17]. The ratio of the area of individual
cruising power plant nozzles to the area of the outboard wing up
to the cruising power plant side wall is Fj/F = 1/65. Since the
1ift power plants at the wing tip of the Do 31 can be assumed to
be lylng in the plane of symmetry of a rectangular wing, the ef- /150
fective area ratic is Fj/F = 130 [sic], and is thus a value which
is applicable to [17]. The ratio of diameter to chord is

probably just as important as the area ratio. This ratio is

DJ/L = 5,7 in [17], while in the case of the Do 31, Dj/l = 5,7

for the 1lift power plants and Dj/ﬂ = 7.7 for the ecruising power
plants.

Superposition is based on Fig. 5.13, which is an extension
of Fig. 5.12 to Vg/Vs; = 0.77. Superposition was applied only to
the c¢ruising power piants in one case and, in another, to the
1lift and cruising power plants, since comparable wind tunnel
measurements were available for this. The results of superposition
are shown in Fig. 5.14. The calculations agree satisfactorily with
the measurements for low Vo/Vsi, from about 0.1 to 0.15, while the
calculated wvalues are almost %wice as large as the measurements for
large Vo/Vj.

The mutual interaction or obstruction of the propagation of
individual Jets in the group of nozzles is probably being mani-
fested here. The superposition of pitch torque is not possible,
since the curves in [17] are too discontinuous and contain too
few data points.

In summary, it can be sald that for complex power plant con-
figurations with rows and groups of jets such as in the Do 31,
the principle of superimposing the effects of individual nozzles
yields usable values for first approximations only in the case of
a small velocity ratio, up to about Vm/Vj = 0.15. Systematic
measurements on basic models with rows and groups of jets are
necessary to permit the preparation of generally valld working
data for the proJect engineer.
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Stagnation points and stagnation

lines in ground flow field during D¢ 31

Fig. 5.10.
vertical takeoff.
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6. Summary /168

This report contains all of the know-how assoclated with the
problems that were sclved in connection with Jet interference during
the development and testing of the Do 31 V/STOL transport aircraft.
The most important results of model measurements, covering the
complete V/STOL.flight profile, are presented. From 1 to 4% 1lift
loss was measured in hover; thls increases to a maximum of 8% close
to the ground. Jet-induced torques are not appreclable. In
transition, the change in normal force can amount to as much as 12%
of gross thrust, and the Jet-induced tall-heavy torque requires up
to 50% of avallable pitch control torque for compensation under the
most unfavorable conditions.

The various model method were critically evaluated. The
relatively simple principle of simulating power plant jets by the
discharge of compressed air has proven itself in the case of the
Do 31 and can also be recommended for future V/STOL development for
measurements without forward speed. Due to the relatively high
inlet momentum of up~-to-date 1ift fans, both the thrust Jet and
inlet flow should be simulated for future V/STOL alrecraft in jet
interference measurements in transition flight.

A serles of VITOL transitions by the Do 31 E3 test aircraft
are analyzed with respect to Jet-induced forces and torques. The
data stored on magnetlic tape are evaluated with a computer program.
More than 120 measurement polnts had to be interrogated at a
frequency of 5 Hz. The preclslon required for jet interference
evaluations cannot always be satisfied, particularly in the measure-
ment of thrusts. Nevertheless, the agreement between model and
flight measurements 1s satlsfactory, and it was possible to confirm
the model prineciples which were applied.

The one known semliemplrical method for calculating jet-induced /169
normal force in hover 1s extended to complex configurations.:such
as the Do 31. Polints of reference are given for estimating jet
interference close to the ground and in transition for future
V/STOL aireraft. Model measurements cannot be dispensed with in
the future, either.
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